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Abstract
Conventional free radical polymerizations were carried out in a variety of

room temperature ionic liquids (RTILs). Generally, methyl methacrylate (MMA)

and styrene (St) were used as typical monomers to compare the polymerization
behavior both in RTILs and in common volatile organic compound solvents

(VOCs). In most cases, it was observed that both yields and molecular weights are

enhanced in the RTIL. While we believe the "diffusion-controlled termination"

mechanism makes the termination of the radical propagating chains difficult due
to the highly viscous nature of RTIL, other researchers have suggested that the

rapid polymerization rates are due to the high polarity of these reaction media.

By employing more than a dozen RTILs with a wide range of anions and

cations, we attempted to correlate the viscosity and polarity of the RTILs with the

molecular weights and polymerization rates. This correlation was not successful,

suggesting that other parameters may also play a role in affecting the
polymerization behavior.

Nitroxide-mediated living radical polymerizatio�s of St and MMA were
attempted in l-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]PF6).

Neither the bimolecular initator system: benzoyl peroxide (BP0)+2,2,6,6-

tetramethyl-1-piperidinyloxy (TEMPO) or a unimolecular initiation system: 2,2,5trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane

(TMPPAH)

gave

a

controlled polymerization, i. e: polydispersities were large and molecular weights

could not be stoichiometrically controlled. Slow degradation of TEMPO at

elevated temperatures and slow diffusion of the stable radical away from
propagating chain may explain this non-living polymerization behavior.

One of RTILs investigated: trihexyl-tetradecyl-phosphonium bis(2,4,4-

trimethylpentyl) phosphinate ([H3 TDP][(PM3)2 P]), forms a redox pair with a

radical initiator such as BPO. The generated free radicals can efficiently initiate

the polymerization of MMA at room temperature through a conventional free
lV

radical polymerization mechanism. The possible mechanism is the "ion cavity''
formed through the ionic interaction and steric effects caused by both ions that
probably enhance the reducing nature of the cation. This "ion cavity'' can trap
BPO inside and form the redox pair. High viscosities also contribute to the higher
yield and molecular weight as compared with reaction in benzene under the same
conditions (except at 70° C) due to diminished chain termination.
The formation of PSt-b-PMMA by sequential monom�r addition through the
standard free radical polymerization mechanism, using BPO as initiator, can be
realized in [BMIM]PF6 due to the insolubility of polymerized first block- PSt in
[BMIM]PF6. The macroradicals wrapped inside the chain coils have prolonged
lifetimes because of the diminished termination, which allow some of these
radicals to initiate polymerization of MMA at room temperature to form diblock
copolymer.
Solvents

effects

on

reactivity

ratios

for

free

radical

statistical

copolymerization have been observed on comparing reactivity ratios in
[BMIM]PF 6 to those in common organic solvents such as benzene. The calculated
reactivity ratios of St and MMA (rst=0.381±0.02 and rMMA=0.464±0.02) in
[BMIM]PF6 by a non-linear method (CONTOUR computer program) are
significantly different from those (rst=0.54±0.04 and rMMA=0.50±0.04) in benzene
at 60°C. The "boot-strap" model, polarity of the solvents, interactions between
solvent and monomers (e. g. solvent-monomer complex), viscosity and system
heterogeneity all possibly contribute to the difference of the reactivity ratios in
RTILs and in benzene. These results demonstrates that RTILs have the potential
to facilitate the synthesis of statistical copolymers having different monomer
sequences, and thus different properties, as compared to copolymers made in
conventional solvents.
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Introduction
General Introduction of Ionic Liquids

The first room temperature ionic liquid (RTIL), [EtNH3][NO3] (mp: 12°C),

was reported in 1914 (1) and since then a great deal of research effort has been

exerted to exploit the possible applications of RTILs. Initially, they were used

mainly as electrolytes in batteries or for metal electrodeposition.

Ionic liquids are also called molten salts and are liquids containing only

cations and anions at ambient temperature. They exhibit a relatively wide electro

chemical window, good electronic and ionic conductivity, a broad range of room

temperature liquid compositions, negligible vapor pressure and excellent

chemical, thermal, air and moisture stability (2). They are composed of weakly

coordinating anions, e. g. BF4- and PF6- and, hence, are highly polar yet non

coordinating solvents. Most imidazolium and pyridinium ionic liquids have
polarities similar to those of small molecular alcohols (3).

Their

hydrophilicity/lipophilicity are adjustable by varying the combination of cations

and anions, and RTILs have been referred to as "designer solvents" (4). They are
able to dissolve a variety of organic, inorganic and organometallic compounds.

Their ease of handling, low vapor pressure, and potential for recycling make them
promising potentially environmentally benign reaction media to replace volatile

molecular solvents in both the chemical industry and in academia.

Furthermore, RTILs have limited miscibility with some common organic

solvents but high compatibility with transition metals. As a consequence, a

biphasic or phase-separable (organic/IL biphasic systems) catalysis concept can

be developed in which a homogeneous catalyst is immobilized in one liquid phase
(ILs) and the reactants and/or products reside largely in another liquid phase
(organic) (5), thus enabling easy product and catalyst separation with the retention

of the transition metal catalyst in an ionic liquid phase. Various common organic
reactions employing metal catalyst have been tried in different ionic liquids as
1

alternative reaction media including Diels-Alder reactions (6), Friedel-Crafts
reactions (7), hydrogenations (8), hydroformylations (9), alkylations (10),
dimerizations (11), Heck reactions (12), Suzuki couplings (13), Sonogashira
couplings (14), ring-closing olefin metathesis reactions (15), alcohol oxidations
(16), and nucleophilic substitutions (17).
Suzuki coupling reactions exploying palladium catalyst (Pd(PPh3)4) at room
temperature have been conducted in one of the common RTILs: l-butyl-3methylimidazolium tetrafluoroborate ([BMIM]BF4) (18). For a wide variety of
arylhalides and arylboronic acids, the reactions show high reactivity, easy product
separation, and easy catalyst recycling.
Primary and secondary alcohols can be converted to the corresponding
aldehydes and ketones in the ionic liquid, l-butyl-3-methylimidazolium
hexafluorophosphate ([BMIM]PF6) through TEMPO-CuCl catalyzed aerobic
oxidation with no trace of overoxidation to carboxylic acids (19). The product can
be isolated by a simple extraction with organic solvent, and the ionic liquid can be
recycled or reused.
Sonogashira-(Hagihara) palladium-catalyzed coupling reaction in ionic liquids
without copper salts can reduce the Glaser-type homocoupling of alkynes. This
has been realized in recent works by (bisimidazole )Pd(Me)Cl catalyst and by
PdCh(PPh3)2 catalyst in [BMIM]PF6 (20).
Even though biphasic homogeneous transition-metal catalyzed organic
reactions have been carried out with great success in RTILs, some catalyst
systems are still inevitab1y decomposed after first use, and this makes recycling
and reusing of expensive catalyst systems difficult. When the products are polar
and contain some heteroatoms, it will generally not be easy to extract them from
the ionic liquids. Mehnert et al. (21) first reported immobilized ionic liquid
([BMIM]PF6) on solid supports (silica gel). The hydroformylation catalysis
process was thus conducted by the treatment of the ionic liquid modified silica gel
with additional ionic liquid. The formed multilayer of free ionic liquid on the
support can serve as a reaction phase in which the homogeneous reaction can

2

occur. The main drawback of this system is the instability of the fixed-bed against

fluoride ions, water and acid. Yao, et al. and Audie, et al. (22) separately

pres_ented the first example of ionic liquid substrate-supported catalysis. After

connecting the first-generation Grubbs ruthenium-based catalyst to [BMIM]PF6,

the ring-closing metathesis of diene using this system reached very high
conversion in a short time, and the catalyst can be reused up to 10 times without

obvious loss of reactivity. Yao attributed this to the enhanced partitioning of the

Ru catalyst in ionic liquid by incorporation of an ionic liquid tag that mirrors the

structural motif of the ionic liquid. Nucleophilic substitutions, especially
fluorinations, are often slow in organic solvents because of limited solubility and

low nucleophilicity of metal salts. Although phase transfer catalysts sometimes

have been used to enhance the solubility and nucleophilicity of metal salts in

common organic solvents, the metal and nucleophile can form a stable ion pair
and some catalysts are thermally unstable under the reaction conditions (23). Kim,

et al. (24) used polystyrene-supported ionic liquid (PS[HMIM]BF4) to

significantly increase the activity of alkali salt but reduce the by-product

formation as compared to the use of conventional methods.
1-Methyl-3-hexylimidazolium

tetrafluoroborate

and

1-ethyl-3-

hexylimidazolium tetrafluoroborate have been used as lubricants for the contact of
steel/steel, steel/aluminium, steel/copper, steel/SiO2, ShNJSiO2, steel/sialon

ceramics and ShNJsialon ceramics (25). They can not only improve the antiwear

ability for various frictional pairs but also have little effect on the friction
reduction performance because they have low pour points, no weight loss below
320°C, low temperature fluidity, high temperature stability, low vapor pressure

and excellent lubricity.

Lewis-acidic ionic liquids show good extraction power for reducing sulfur

content in pre-desulfurization diesel fuel under mild conditions (low temperature

and low pressure) (26). This presents an alternative method to remove trace of
sulfur

compounds

that

are

hydrodesulfurization techniques.

very difficult
3

to

achieve

by common

Recently, · a lot of research efforts have been put into supercritical fluids,
which are fluids above their critical temperature and pressure, have much more
empty space than ordinary liquids and thus are highly compressible. Supercritical
carbon dioxide (scCO2 ) is the most promising supercritical fluid because it is
inexpensive, non-flammable, non-toxic and environmentally benign. It has low
surface tension, high diffusion coefficient, excellent wetting of surface and easily
tunable solvent properties (scCO2 can be tuned from "gas-like" to "liquid-like" by
varying pressure, temperature, or both) (27). ScCO2 can dissolve significantly into
a [BMIM]PF 6 phase, but no [BMIM]PF 6 dissolves into the scCO2 phase. RTILs
and scCO2 form a two-phase system with RTILs in the lower layer phase and
scCO2 in the upper layer phase (28). Some organics such as naphthalene can be
extracted by scCO2 from RTILs phase. Liu, et al. (29) has demonstrated that
RuCh(PMe3)4 can be immobilized in the same ionic liquid and form a
scCO2/RTILs biphasic system (in that case, the reactant and product are all
soluble in scCO2, but the intermediate stays in RTILs), from which the final
products can be isolated from a scCO2 phase by simple evaporation.
Aerogels are airy material with low density, high inner surface area, optical
transparency, low thermal conductivity, low sound velocity and low dielectric
permittivity, and they have found wide applications in the materials industry (30).
In order to obtain a stable aerogel structure, a supercritical drying process is
always applied, the most expensive and risky aspect of the whole process. When
ionic liquids are used as solvents for sol-gel processes, the goal of eliminating the
supercritical drying part is achieved due to the negligible vapor pressure and high
ionic strength of ionic liquids, which can prevent solvent evaporation and increase
the rate of aggregation. Dai and coworkers (31) have used 1-ethyl-3methylimidazolium bis[(trifluoromethyl)sulfonyl]amide ([EMIM]Tf2N) as solvent
to successfully synthesize aerogels from precursor tetramethylorthosilicate.
Davis, and coworkers (32) have synthesized a series of new fluorinated ionic
liquids in which the cation head-group is conventional and the fluorous
appendage is long. These new ionic liquids can act as efficient surfactants for
4

perfluorocarbon and [HMIM]PF6 systems, which are all neoteric solvents. The

emulsified perfluorohexane solution in [HMIM]PF6 can stay stabilized for up to

one month.

The small dimensions and outstanding mechanical and electrical properties of

single-walled carbon nanotubes (SWNTs) render them with a wide range of
potential applications (33). Among these applications are use as fillers in

composite materials due to their extremely high Young's modulus, stiffness, and
flexibility (34). Successful applications of such composite systems require well

dispersed nanotubes with good adhesion with the host matrix. SWNTs usually
exist as bundles, which are heavily entangled with one another to form 3D
networks. When mixed with RTILs such as [EMIM]BF4, [BMIM]BF4,

[HMIM]BF4, [EMIM]Tf2N and [BMIM]PF6, SWNTs can form "bulky gel of

ionic liquids" after being ground (35).The main driving force for this gel
formation is the so-called "cation-1t" interaction, by which SWNTs can orient

imidazolium ions on their 1t-electronic surfaces. Benefiting from this interaction,

the entangled SWNTs bundles can be exfoliated into much finer bundles. This

bulky gel shows a long range molecular ordering of the RTILs without the normal

polycrystalline character that is commonly associated with RTILs and excellent

mechanic properties.

Some tetrafluoroborate based ionic liquids have been used as a new class of

sensing materials on quartz crystal microbalances for detection of organic vapors
(36). The QCM sensor exhibits a rapid response (less than 2 s) with excellent

reversibility. The near zero vapor pressure and stable chemical properties of the

employed ionic liquids guarantee a long shelf life of the sensor.

RTILs are also used as stationary phases for gas chromatography (37), or as

solvents to synthesize nanoparticles (38). Recently, the research group of

Professor James Davis at the University of South Alabama has invented a novel

class of "sweetener ionic liquid" (39). They consist of non-toxic cations (butyryl
choline) and non-toxic anions (saccharinate or acesulfamate derivatives). These
ionic liquids are considered to be wholly benign.
5

There are some reviews on synthesis and application of RTILs in the
literature. Most of RTILs studied so far are commercially available from ACROS
Organic

(Fisher

Scientific,

UK),

Chemada

Fine

Chemicals

{Israel),

CovalentAssociates (Boston, MA), C-TRI (Korea), CYTEC (Canada), Sigma
Aldrich (US) Merck KGaA (Germany), QUILL (UK), Sachem (Austin, TX),
Scionix (UK) and Solvent-Innovation (Germany). Several research groups are
very active in this area including the Davis's group (University of South
Alabama), Rogers's group (University of Alabama), Seddon's group (Queen's
University of Belfast), Sheldon's group (Delft University of Technology), and
Welton's group (Imperial College of Science, Technology, and Medicine).
Applications of Ionic Liquids in Polymer System
Polymerization in Ionic Liquids One of the earliest examples of
polymerization in RTILs was reported in 1 990 in a Lewis acidic ionic liquid:
AlCh- 1-ethyl-3-methylimidazolium chloride [EMIM]Cl (40). It was found that
the combination of TiC4 and AlEthylCh in AlCh/[EMIM]Cl can be catalytically
active for ethylene polymerization although the yield of polyethylene (PE) was
low. This has opened a new route to make polymer in RTILs as alternative
reaction media. Later, replacing TiC14 with Cp2MCh was shown to give higher
yields of PE in otherwise the same RTIL system (41 ). More examples in this
category can be found in the literature (42). There are also several uses of ionic
liquids for polymerization or oligomerization of olefins that are protected by
patents (43). Furthermore, it was supposed that the active sites are cationic alkyl
metal complex generated by the interaction of added transition metal catalyst with
alkylaluminium moieties present in the ionic liquids via halogen abstraction and
alkylation. The electrochemical polymerizations of benzene in various ionic
liquids have been described to produce poly(p-phenylene) (44 ). In these studies,
ionic liquids were used mainly as convenient electrolytes. Carlin and Osteryoung
produced a new electroactive material by electrochemical oxidation of
triphenylsilyl chloride (Ph3 SiCl) in the acidic ionic liquid (AlCh-[EMIM]Cl) (45).
6

The film formed exhibited reversible redox behavior and was electronically

conducting in oxidized state by incorporation of the cation of the ionic liquid into

the film. However, most of the RTILs mentioned above are the 1st generation

ionic liquids, which are haloaluminate based ionic liquids and easily undergo

hydrolysis to form HCI.

Free Radical Polymerization Free radical polymerization is widely used in

industry and in academia for the synthesis of a wide variety of polymeric

materials due to its versatility, synthetic ease, and compatibility with a wide
variety of functional groups, which is also coupled with its tolerance to water and
protic media. Conventional free radical procedures have a significant drawback,

which is related to the reactivity of the propagating free radical chain end and its
propensity to undergo a variety of different termination and chain transfer

reactions. The materials obtained are therefore polydisperse with very limited
control over macromolecular weight and architecture. Ionic polymerizations

(anionic or cationic) were previously the only "living" techniques available that

efficiently controlled the structure and architecture of vinyl polymers. Although

these techniques generate polymers with low polydispersity, controlled molecular

weight, and defined chain ends and architectures, they are not suitable for the

polymerization and copolymerization of a wide range of functionalized vinylic

monomers. This limitation is due to the incompatibility of the growing polymer

chain end (carboanion or carbocation) with numerous functional groups and
certain monomer families. In addition, stringent reaction conditions, including the

use of ultrapure reagents and the total exclusion of water and oxygen, preclude the

wide spread use of this technique. The necessity to overcome all these limitations
forced polymer chemists to develop new concepts, which would allow a living or

controlled polymerization through free radical polymerization. As a consequence,

nitroxide-mediated polymerization (NMP), atom transfer radical polymerization
(ATRP) and radical addition, fragmentation and transfer (RAFT) were developed.

The general mechanism of these processes is the reversible termination of the

growing polymeric chain with the mediating radical to reduce the overall
7

concentration of the
, propagating radical chain ends. In the absence of other
reactions leading to initiation of new polymer chains (i.e., no reaction of the

mediating radical with the vinylic monomer), the concentration of reactive chain

ends is extremely low, minimizing irreversible termination reactions, such as

combination or disproportionation. All chains would be initiated only from the
desired initiating species and growth should occur in a living fashion, allowing a

high degree of control over the entire polymerization process with well-defined

polymers being obtained (46).

Although polymerization m moisture-sensitive ionic liquids have certain

advantages when compared to traditional solvents, little polymerization work was
done in RTILs area which was not re-energized until the introduction of 2nd

generation of air, moisture and thermally stable neutral ionic liquids, composed of
dialkylimidazolium cations and PF6 or BF4 anions. In spite of the fact that these

ionic liquids are assumed to be potential solvents for ionic polymerization due to
their highly polar nature, the first report of polymerization in the new non

hygroscopic ionic liquids was based on a free radical polymerization process atom transfer radical polymerization (ATRP). Carmicheal et al. (47) observed

first-order kinetic behavior over a wide range of reaction temperatures using

ethyl-2-bromoisobutyrate initiator and CuBr/N-propyl-2-pyridylmethanimine as

the catalyst pair in a 50/50 (VN) MMA/[BMIM]PF6 system. The reactions are
faster as compared to those in common solvents while the polydispersities

(MwlMn, Mw is weight-average molecular weight and Mn is the number-average

molecular weight) are narrow: .1.30-1.43. By extraction with toluene, the polymer
can be separated from solution (PMMA and catalyst are miscible with
[BMIM]PF6) while copper catalyst remained in the ionic liquid phase, which

facilitated the catalyst re-use by adding fresh monomer and also excluded the post

purification procedure by passing the solution through column to get rid of the

toxic copper salt. Carmichael at al. attributed this polymerization behavior to the

increased polarity of ionic liquids because a similar increase in the rate has been
observed with other polar/co-ordinating solvents. In a recent communication (48),
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Hong et al. described the large increases in both the rate of polymerization and
the molecular weights that were obtained in the polymerizations of methyl

methacrylate (MMA) in [BMIM]PF6 as compared to those in conventional

organic solvents. These dramatical increases were at least in part because of the

high viscosity of the polymerization media. Thus, a "diffusion-controlled

termination" mechanism was proposed to explain the diminished chain

terminations m viscous system. Harrison et al. (49) used a pulse laser .
polymerization (PLP) technique to polymerize MMA in [BMIM][PF6], which is

the IUPAC-recommended standard procedure for measuring the rate constant of

the propagation (kp), They found that both the propagation and termination rates
were significantly affected by [BMIM][PF6]. They attributed the increase of the

propagation rate to the increased polarity of the ionic liquid solution, which
lowers the activation energy of propagation through charge-transfer interactions.

On the other hand, the termination rate is decreased simply because of the

increased viscosity of the polymerization medium. Both an increase of kp and

decrease of k1 contribute a roughly 10-fold increase of over-all rate of
polymerization.

Zhang et al. (50) measured the polarity and viscosity of over a dozen RTILs

that cover a wide range of cations and anions. The attempted correlation of these

physical data with polymerization behaviors in RTILs revealed that no obvious

trend exists between polarity or viscosity of RTILs and polymerization rate or

molecular weight of the formed polymer. At the same time, Strehmel et al. (51)

found that the higher the viscosity, the higher yields and MWs of the polymers.

However, unlike in our work, these workers carried their polymerizations to high

conversions, where the Trommsdorff effect impacts polymerization. Clearly, the
higher viscosities will affect polymerization behavior in this regime. The RTILs

employed in the latter case are actually composed of cations and anions of
similiar structures except the alkyl length and positions on the cation while either

cations or anions are structurally different in the former case. It is still too early to
make a conclusion that polarity or viscosity have no apparent difference on the
9

polymerization of MMA in RTILs. The polarity of molecular solvents is a
complex of many interactions including: H-bonding, p-interaction or van der
Waals forces. In RTILs, it is even more complicated since both cations and anions
may have their own distinct intreractions. Zhang et al. used solvatochromic dye
(Nile red) to measure the polarities of RTILs and the results had similar trend as
those in reference (52). Since Nile red is a positively solvatochromic, it
preferentially interacts with anions of RTILs. The apparent polarities deduced
maybe not reflect the real values, thus further experiments need to be carried out
to address this problem. In addition, the polymers synthesized in RTILs all have
similar glass transition temperatures and tactic structures as those obtained in
benzene or bulk by thermoanalysis technique and 1 3 C NMR spectroscopy (53).
Biedron at al. (54) described a heterogeneous ATRP in [BMIM]PF 6 • Some
alkyl-substituted acrylates (methyl, butyl, hexyl or dodecyl) are either soluble,
partly soluble or completely insoluble in the RTILs depending on the alkyl length
in the ester group. A heterogeneous system was formed for the alkyl acrylate,
which is not completely soluble in the RTIL, and thus formed an upper monomer
phase while CuBr/pentamethyldiethylenetriamine (PMDETA) catalyst remains in
the lower RTILs phase. Methyl acrylate (MA) and poly(methyl acrylate) (PMA)
are miscible with [BMIM]PF6 and form a homogeneous polymerization system,
therefore, all reactions proceed in one phase. For other acrylates, the growing
macromolecular chains react with the monomer at the interface but reside
predominantly in the monomer phase. In all cases, the reactions are living
polymerizations. The advantages of these methods are easy separation of
polyacrylate from the RTILs phase after reaction, with less copper catalyst
contaminations and reduction of side reactions due to the absence of catalyst in
upper monomer phase as compared to bulk ATRP. It was found that using a chiral
RTIL (1-(R-(+)-2'-methylbutyl)-3-methylimidazolium hexafluorophosphate) can
affect the stereo-regularity of polymer produced by ATRP (55).
Sarbu et al. (56) used different catalyst systems (iron or copper halides) to
successfully carry out ATRP in a range of 1-butyl-3-methylimidazolium ionic
10

liquids. In iron-mediated ATRP, no additional ligand was required to achieve a
controlled polymerization of MMA although both of reaction and initiation rates

were low. On the contrary, the absence of organic ligand can only be realized in a

phosphonate ionic liquid for copper mediated ATRP of MMA while a ligand was

required in ionic liquids with halide or carbonate anions. ATRP in ionic liquids
proceeds with low initiation efficiency. This has been attributed to the high
concentration of the catalyst in RTILs phase, into which the small initiators can
easily diffuse and thus generate high concentration of free radicals. The free

radical can undergo irreversible termination and cause the low initiation

efficiency. However, it can be improved by employing macroinitiators, which
have low diffusion coefficient to the RTILs phase. In addition, the catalyst can be
regenerated after removal of polymer and unreacted monomer.

Reversible atom transfer radical polymerization of MMA in [BMIM]PF6,

[BMIM]BF4 and [DMIM]BF4 (1 -dodecyl-3-methylimidazolium tetrafluoroborate)

have been described (57). In [BMIM]PF6, the reverse ATRP of MMA was

achieved with 2,2'-azobisisobutyronitrile (AIBN)/CuCb/2,2'-bipyridine initiation

system, in which the system is homogeneous throughout the reaction. Due to a

cage effect with ionic liquids molecules, the termination of the primary radicals

through decomposition of AIBN might occur before they can initiate

polymerization, which accounts for the low initiation efficiency of AIBN. The Cu

catalyst is also soluble in the ionic liquid. As a consequence of both factors, less
catalyst is needed to effectively mediate the polymerization process in ionic

liquids than in other reverse ATRPs. The ionic liquids and catalyst can be
recovered and reused.

Zhang et al. (58) used both a bimolecular initiation system (benzoyl peroxide

(BPO) + 2,2,6,6-tetramethylpiperidine 1 -oxyl (TEMPO)) and a universal initiator

system (2,2,5-trimethyl-3-(1 -phenylethoxy)-4-phenyl-3-azahexane (TMPPAH))
for the attempted nitroxide-mediated polymerization of MMA and St. The
polymerizations were not living/controlled for either monomers and possible

reasons are the low diffusion rates of mediating radical and slow degradation of
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free TEMPO at elevated temperatures in the presence of [BMIM]PF 6 , Ryan et al.
(59) demonstrated a controlled/living polymerization of MA in 50% VN of
[HMIM]PF 6 initiated by the initiator pair: AIBN+4-oxo-2,2,6,6-tetramethyl-1piperidinyl-N-oxyl (4-oxo-TEMPO) at 140° C-155° C. The reaction rates were
greater than in anisole. In both works, self-polymerizations were observed
because of the high temperatures used. Other kinds of the living free radical
polymerization such as RAFT and charge transfer polymerization have also been
reported (60).
Combined with CuBr/PMDETA catalyst, dendritic polyarylether 2bromoisobutyrates (Gn-Br, n = l-3) can be used as an effective macroinitiators for
ATRP of N-hexylmaleimide and styrene in [BMIM]PF6 at lower temperature than
in anisole. The afforded polymers had well-defined MWs (molecular weights) and
low polydispersities (1.18<PDI<l .36) (61). The two monomers showed a stronger
tendency to form alternating structure in IL As compared to those conducted in
anisole.
Limited solubility of some monomers and polymers in ionic liquids present
opportunities to make diblock copolymers by sequential addition polymerization.
Zhang et al. (62) demonstrated the formation of PSt-b-PMMA by sequential
addition in [BMIM]PF6 through the traditional free radical polymerization
mechanism using benzoyl peroxide (BPO) as initiator. PSt was polymerized first
and then was gradually precipitated out when the conversion reached around 50%
due to the insolubility of PSt in [BMIM]PF 6. The chain coils wrapped the
macroradicals inside resulting in prolonged lifetimes because of the diminished
termination. Unreacted St monomer was pumped out on the vacuum line. After
adding the second monomer (MMA), diblock copolymers were formed at room
temperature although the reinitiation was not 100%. Reversed sequential addition
polymerization just afforded homopolymer MMA. Kubisa and coworkers use the
same strategy to produced PBA1-b-PMA2 and PMA1-b-PBA2 with different
sequence of addition of monomers by ATRP method in the same ionic liquid (63).
They found that when conversion of MA used as first monomer exceeded 70%, a
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significant percentage of dead PMA chains contaminated the final diblock
copolymer. Whereas in the other system MA was added to the solution of PBA in

[BMIM]PF6, "clean" diblock can be formed essentially free of homopolymer even

BA can be polymerized to complete conversion. Ma et al. (64) described
successful synthesis of block copolymer: St is reinitiated by chlorine-atom-ended

PMMA as macroinitiator through reverse ATRP in [BMIM]PF6, [BMIM]BF4 and
[C12MIM]BF4.

Solvents effect on reactivity ratios and sequence length distributions for free

radical polymerization have been extensive studied. The calculated reactivity
ratios of St and MMA (rs1=0.38 1±0.02 and rMMA=0.464±0.02) in [BMIM]PF6 by

non-linear method (CONTOUR computer program (65)) are significantly

different from those (rs1=0.54±0.04 and rMMA=0.50±0.04) in benzene at 60° C (66).

The "Boot-strap" model (67), polarity of the solvents, interaction between solvent
and monomers (e. g. solvent-monomer complex), viscosity and system

heterogeneity all possibly contribute to the apparent difference of the reactivity

ratios in IL and in benzene.

[BMIM]PF6 was found to be an efficient plasticizer for PMMA, prepared by

in situ radical polymerization in this ionic liquid. The polymers have physical

characteristics comparable with those containing traditional plasticizers

(phthalates, adipates and trimellitates) and retain greater thermal stability. RTILs

are normally used as inert solvents for polymerization. However, Mays and

coworkers found out that polymerization of MMA can be carried out at ambient

temperature in one of ionic liquids: trihexyl-tetradecyl-phosphonium bis(2,4,4trimethylpentyl)phosphinate

([HJ TDP]

[(PM3 )2P])

by

redox

initiated

polymerization mechanism (68). Cation of [H3 TDP][(PM3) 2P] reacted with BPO

through redox reaction with the cation as reductant and BPO as oxidant. The

generated radical efficiently initiated polymerization to produce PMMA with high
yield and high MW.

Ionic Polymerizations Anionic living polymerization usually gives narrower

molecular-weight distribution polymers as compared to these obtained by living
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free radical polymerizations. The polymerization can proceed to complete
conversion with much less side reactions such as termination or chain transfer.
The introduction of terminal functional groups by selective termination agents
through anionic polymerization also gives some advantages. On the other hand,
the stringent purification procedure required for anionic polymerization restricts
the synthesis of polymers from this method. Even though RTILs are considered as
ideal solvents for ionic polymerizations, which involves a charge separation
because the RTILs can possibly help to stabilize the growing carboanion or
carbocation due to the ionic nature of them, it is not unexpected there are no
reports in the literature on anionic polymerization in ionic liquids till now since it
is very difficult to adequately purify ionic liquids to the standards required for
anionic polymerizations. Our preliminary data (not yet published) indicate that
unwanted terminations occurred due to impurities in the RTIL. Vijayaraghavan et
al. (69) reported the first case of cationic polymerization of styrene in N-butyl-N

methylpyrrolidinium

bis(trifluoromethanesulfonyl)amide

([P 14][Tf2N]).

The

cationic initiator used was a Brnnsted acid: bis( oxalato )boric acid (HBOB). The
polymerization proceeded in a living manner but the reaction temperature was
high (60°C). PSts produced had low molecular weights (1,300-1,700) and
moderate polydispersities (1.3-1 .5). The author suggested that RTILs might
promote the dissociation of the acid that can efficiently initiate polymerization.
Ring-opening Polymerization Ring-opening metathesis polymerization of

norbomene

usmg

cationic

allenylidene

precatalyst:

[(p

cymene)RuCl(Pcy3)(=C=C=CPh2)][ OTf] in a biphasic medium (1-butyl-2,3dimethylimidazolium hexafluorophosphate ([BDMIM]PF 6)/toluene) was carried
out (70). The catalyst was in the ionic liquid phase and the upper toluene phase
dissolved the formed polymer. Both the ionic liquid and catalyst can be reused up
to 6 times without significant loss of catalytic activity and led to quantitative
yields of polymer. After reloading of catalyst, the catalyst system can still be used
for up to 5 times. The better recycling capabilities as compared to other alkylidene
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catalysts were attributed to its ionic character of the cationic allenylidene complex

while the latter gradually lost their catalytic abilities within 3 successive runs.

Biedron et al. (71) presented the results of the cationic ring opening

polymerization of 3-ethyl-3-hydroxymethyloxetane in the most common

hydrophilic ionic liquid: [BMIM]BF4 using BF3 -Et20 initiation system. The

advantages of carrying out this reaction in ionic liquid over solution or bulk

polymerizations are the high reaction temperature (up to 1 80°C because the

intermolecular H-bonding is reduced at the elevated temperature that leads to the
formation

of

aggregates).

The

intramolecular

H-bonding

facilitating

intramolecular chain transfer is not significantly affected. The multihydroxyl,

branched structure was preserved, and the MWs of polymers were in the same

range as those made in organic solvents or in bulk. On the contrary, the

application of ionic liquids can also help to reduce the reaction temperature. At

the higher temperature, some side reaction maybe significant. Polycarbonate

made by ring opening polymerization of ethylene carbonate experiences
decarboxylation when reaction is carried out at 1 8 0-2 00°C (72). In acidic ionic

liquids such as [BMIM]Cl-AlCb or [BMIM]Cl-SnCh, the reaction can take place

at temperature below 100°C or at 120°C depending on the ionic liquid used. The

drawback of these new reaction systems is that the decarboxylation was still not

negligible and low content of ethylene carbonate polymer were formed.

Enzyme Catalyzed Polymerization Candida Antarctica lipase (lipase CA)

catalyzed formation of biodegradable polyesters in [BMIM]PF6 and [BMIM]BF4

have been reported (73). Ring-opening polymerization of E-caprolactone and

polycondensation of dicarboxylic acid diesters with 1 ,4-butanediol were

examined. Higher MWs products and improved conversions suggest a "greener

polymer chemistry" by the combination of non-toxic enzyme catalyst, mild

reaction conditions with potentially environmentally benign solvents.

Condensation Polymerization Polyimides and polyamides are important

materials due to their unique thermal, mechanical and electric properties. Usually,

the synthesis of high molecular weight polyimides in organic solvents requires
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high temperature and the presence of an acidic catalyst. Vygodskii et al. (74)
studied the condensation polymerization behavior in RTILs with different anions
and cations. High MW polyimides or polyamides were obtained using RTILs as
novel reaction media, without addition of catalyst.
Transition- metal Catalyzed Polymerization Poly(phenyl-acetylene) (PPA) is

a conjugated polymer with interesting photoconductivity, photoluminescence,
non-linear optical properties and membrane properties. It can be obtained by
different polymerization methods including radical, cationic, metathesis catalyst
or Ziegler-Natta polymerizations. High MW PPA can also be obtained by Rh(I)
catalyzed phenylacetylene polymerization in ionic liquids such as n
butylpyridinim tetrafluoroborate ([bupy]BF4) or [BMIM]PF4 (75). The catalyst
used was either (diene)Rh( acac) or [(diene)RhClih, and the cocatalyst used was
triethylamine. The polymer was separated from the ionic liquid using either
extraction with toluene or filtration by adding methanol into ionic liquids to form
a suspension of PPA in the solvent mixture methanol/IL. Extraction usually
facilitates the catalyst recycling, but cannot permit the maximum product
recovery. While more polymer can be recovered through the filtration method, the
Rh(I) complex solution after filtration shows no catalytic activity. The MWs were
from 55,000 to 200,000.
Rogers

and

coworkers

(76)

have

used

1-heyxlpyridinium

bis(trifluoromethanesulfonyl) imide ([C6Pyr][NTf2])/methanol as a solvent pair
for palladium-catalyzed alternating copolymerization of styrene and carbon
monoxide, in which the palladium catalyst was LPd(OAc)2 (L=2,2'-bipyridine
and 1,10-phenanthroline). [C6Pyr][NTf2] and catalyst can be recycled and the
yields and MWs were higher as compared to the polymerization carried out in
methanol alone. Furthermore, the catalyst stability and propagation rate were
improved due to the inhibited chain transfer and catalyst decompositon in
[C6Pyr] [NTf2].
Electrochemical Polymerization Electrochemical polymerization is mam

method to synthesize conducting polymer for potential application in energy
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storage devices, electrochromic devices and light-emitting diodes. It shows some
advantages over chemical synthesis including faster reaction, simple procedure,

generation of the polymer in the doped state and easy control of the film

thickness. Naudin et al. (77) have used ionic liquids for the electrochemical
polymerization

of

poly(3-(4-fluorophenyl)thiophene)

(PFPT).

The

electrochemical behavior was similar to that in common nonaqueous electrolyte.

However, the X-ray photoluminescence spectroscopy revealed some ionic liquid

residue in the formed film. Other kinds of conjugated polymers such as

polypyrrole and polyaniline were also synthesized in ionic liquid (78).

Other Applications of Ionic Liquids in Polymers system Polyanili:ne

nanoparticles with diameters from about 30-80nm can be fabricated by interfacial

polymerization from aqueous/RTIL solvents interface (79). Electronic devices

such as electrochemical mechanic actuators have improved cycle life and larger

generated strain using [BMIM]PF6, [BMIM]BF4 or [BMIM][NTf2] as electrolytes
than other traditional organic or aqueous solvents because ionic liquids have high
ion conductivity, large electrochemical windows and fast ion mobility (80).

Single-ion conductive membrane material made out of polymerizable ionic

liquids by incorporating some ethylene oxide spacer cross-linkers has high ionic
conductivity (l.37x l0-4 S cm-1 ), and the film formed is transparent and free

standing (81). In order to overcome migration of ions of RTILs along with

potential gradient with target ions in membrane application, poly(VdF-co-HFP)

containing zwitterionic liquids was reported as a new polymer gel electrolyte

which only transports target ions (82). Some general reviews on application of
ionic liquids for polymerization are some available in the literature (83).
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Chapter 1
Conventionalfree radical polymerization in room temperature ionic
liquids: a green approach to commodity polymers with practical
advantages
This chapter is a lightly revised version of a paper by the same name published in
the journal Chemical Communications in 2002 by Kunlun Hong, Hongwei Zhang,
Jimmy W. Mays, Ann E. Visser, Christopher S. Brazel, John D. Holbrey, W.
Matthew Reichert and Robin D. Rogers:
Hong, K.; Zhang, H.; Mays, J. W.; Visser, A. E.; Brazel, C. S.; Holbrey, J. D.;
Reichert W. M.; Rogers, R. D. "Conventional free radical polymerization in room
temperature ionic liquids: a green approach to commodity polymers with
practical advantages. " Chem. Commun. 2002, 1368.

My use of "we" in this chapter refers to my co-authors and myself. My primary
contribution to this paper includes most of the polymerization part.
Abstract

Free-radical polymerization of methyl methacrylate and styrene usmg
conventional organic initiators in the room temperature ionic liquid, 1-butyl-3methylimidazolium hexafluorophosphate ([BMIM]PF6) is rapid and produces
polymers with molecular weights up to lQx higher than from benzene; both
polymerization and isolation of products were achieved without using VOCs,
offering economic as well as environmental advantages.
Free radical polymerization is one of the most important means of producing
polymers, accounting for about 50% of all mass-produced polymers (84). One of
the major virtues of radical polymerization is the relative insensitivity to
monomer and media impurities, as compared to ionic polymerization. Thus
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radical polymerization can be carried out under less rigorous conditions, resulting

in reduced cost. Another advantage of this process is that it can be applied to a

broad range of monomers. Many free radical polymerizations are carried out in

volatile organic compound (VOC) solvents, which have been blamed for

increasing air pollution (85).

Room temperature ionic liquids (RTILs) have been investigated for

electrochemical (86) and separations processes (87, 88) and as media for chemical

and biochemical synthesis (89). Of principal interest is the potential to use RTILs

as substitutes for VOCs: RTILs exhibit negligible vapor pressure. The

combination of properties exhibited by RTILs (ionic, non-coordinating etc. ) are

different to those - of molecular solvents, and can lead to differing solvent

behavior, and differing chemical reaction outcomes characteristics of interest. In
addition, studies are starting to address toxicity concerns about RTILs (90).

Chloroaluminate-based RTILs have been investigated as solvents for ethylene

polymerization (91 , 92). Electrochemical polymerization of benzene in ionic
liquids to prepare poly(p-phenylene) has also been reported (93).

Haddleton et al. (94) reported the first example of transition-metal mediated

living-radical polymerization of methyl methacrylate (MMA) in an RTILs. Rate
of polymerization was enhanced compared to other polar/coordinating solvents,

but only low molecular weight polymer products were obtained. Polymerizations
employing copper-catalysts and RTILs containing cuprous and ferrous anions

have recently been reported (95). Noda and Watanabe (96) have described the

formation of polymer-in-salt electrodes, formed by in-situ polymerization of

vinyl-monomers in RTILs. However, to our knowledge, RTILs have not been

used as solvents for the synthesis and isolation of polymers formed by
conventional

free-radical

polymerization.

In

this

study,

free-radical

polymerization of the two monomers MMA and styrene, in the RTIL

[BMIM]PF6, was investigated using the conventional radical initiators, AIBN and

benzoyl peroxide (BPO). Resulting polymers were purified from the reaction
mixture using ethanol-water mixtures and the RTIL solvents recovered. t
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In Table B-1-1, results from polymerization of MMA and styrene in
[BMIM]PF6, initiated by AIBN and BPO respectively, are shown and are
compared with data obtained under comparable conditions using benzene as
solvent. Both polymers, polymethyl methacrylate (PMMA) and polystyrene (PS),
had up to 1 Ox higher molecular masses than when synthesized in benzene, at the
same monomer to initiator molar ratio. In both the RTIL and organic solvents, the
polymers exhibit polydispersities typical of homogeneous free radical
polymerization products, despite the fact that in the RTIL case, the polymers
formed are insoluble in the reaction medium. Also, it was noted that the
polymerizations in the RTIL were very rapid; complete conversion of monomer to
polymer was achieved after only eight hours polymerization time. In contrast, in
conventional solvents the polymerization would require several times this period
to generate complete conversion. Figure A-1-1 shows the SEC traces of PMMA
obtained using AIBN in [BMIM]PF6 and in benzene. The molecular weight of
PMMA obtained in [BMIM]PF6 is much higher than that obtained in benzene.
Table B-1-1 Homopolymerization in [BMIM]PF6 , of styrene using BPO as

initiator and MMA using AIBN as initiator
Figure A-1-1 SEC Traces of PMMA (A) polymerized using AIBN in [BMIM]PF6

at 65 °C for 1 h, (B) polymerized using AIBN in benzene at 65 °C for 1 h.
The reactions were terminated by quenching the reaction mixtures into
methanol, or aqueous ethanol. The RTIL is completely miscible with methanol,
and although regarded as "hydrophobic", is miscible with aqueous ethanol over a
large composition range (97). The polymer products formed are insoluble in these
solvents and were isolated by filtration, the RTIL was recovered by evaporation
of the filtrates. Alternatively, since the polymer phase separates from the RTIL a
simple gravimetric separation of polymer from most ·of the RTIL is possible.
Entrainment of IL in the bulk polymers was an issue of concern; the ability for
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relatively high RTIL concentrations to act as plasticizers for PMMA has been

investigated in a parallel study (98). Initial precipitation and isolation of polymer

yields materials containing low concentrations of entrained RTIL, identified by
DSC. The combination of high molecular weight products and fast reaction rates

in the RTIL system can be explained by influences on chain-termination

processes m the RTIL. A combination of relatively high viscosity and
precipitation of the polymeric radicals as the polymerization proceeds leads to

"diffusion-controlled termination" throughout the polymerization. A diminished
rate of termination would explain both the higher than expected molecular

weights and rapid polymerization rates. As the polymerization proceeds, polymer

chains form a monomer swollen polymer phase limiting polymer termination
(radicals in this entangled polymer phase have difficulty diffusing together).

These results are similar to those obtained for polymerization in the glassy state
(99).

In summary, [BMIM]PF6 was used as solvent for conventional free radical

homopolymerization of MMA and styrene. For both polymers, the degree of
polymerization obtained using RTILs was much higher than that obtained via

conventional radical polymerization in benzene under the same conditions. Rates

of polymerization were also much more rapid, relative to polymerization in

common organic solvents. We believe that the simultaneous rapid polymerization

rates and high molecular weights are due to diffusion-controlled termination,

reflecting both the high viscosity of the RTILs and phase separation of

macroradicals. Furthermore, the polymers could be purified by washing with

water and ethanol mixtures, making this polymerization process attractive for

"green" polymer synthesis. The polymerization process reported herein shows
enormous commercial potential, given the

great

importance of conventional

radical polymerization, the rapid rates of polymerization, high molecular weights,

and Green synthesis and isolation. Work to extend this methodology to other
polymer systems is presently underway.
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Footnote

t

Materials. MMA and styrene (Aldrich, 99%) were distilled to remove

inhibitor and stored in calibrated ampoules. [BMIM]PF (provided by Sachem Inc.
6

or synthesized as reported elsewhere (1 05)) was washed with pure water five

times. Benzene (Fisher, �99%) and toluene (Fisher, �99.8%) were distilled from
freshly crushed calcium hydride. BPO (Aldrich, 97%) and AIBN (Aldrich, 98%)

were

recrystallized

from

methanol.

Instrumentation.

Size

exclusion

chromatography (SEC) was used to measure number-average (Mn) and weight

average (Mw) molecular weights and polydispersities, MJMn, of the polymers with

respect to PMMA and PS standards (Pressure Chemical Co.). The SEC

experiments were carried out at 30 °C in tetrahydrofuran using a Waters 5 1 0
pump and Waters 410 differential refractometer detector (flow rate: 1 cm3 min-1 ,

columns: Waters 500 A, 103 A, 1 04 A, 1 0s A, 1 06 A pore sizes). Polymerization.

All polymerizations were performed under high vacuum to ensure that the
systems were oxygen free. The initiator (BPO or AIBN) and solvent ([BMIM]PF6)

were charged into a round bottom flask with a constriction, and degassed for 2 h.

A predetermined quantity of monomer was then distilled into the reactor. The
flask was removed from the vacuum line by heat-sealing at the constriction and

placed in a pre-heated water bath. The polymerization was allowed to continue for
1 8 h and was stopped by precipitation into methanol or ethanol-water mixture.
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Chapter 2
Homopolymerization and block copolymerformation in room
temperature ionic liquids using conventionalfree-radical initiators
This chapter is a lightly revised version of a paper by the same name published in

the ACS symposium book "Ionic Liquids: Industrial Applications for Green
Chemistry" ACS Symposium Series 818 in 2002 by Hongwei Zhang, Lujia Bu,

Meichun Li, Kunlun Hong, Ann E. Visser, Robin D Rogers, Jimmy W. Mays:

Zhang, H.; Bu, L.; Li, M.; Hong, K.; Visser, A. E.; Pogers, R. D.; Mays, J. W.

"Homopolymerization and Block Copolymer Formation in Room-Temperature

Ionic Liquids Using Conventional Free-Radical Initiators" Rogers, R. D.;

Seddon, K. R., Eds.; ACS Symposium series 818; American Chemical Society,

New York, 2002, pp 114.

My use of ''we" in this chapter refers to my co-authors and myself. My primary
contribution to this paper includes part of the experiment part.
Abstract
Free radical addition polymerization and copolymerization has been

investigated in a range of room temperature ionic liquids (RTILs). We report

results on synthesis of high molecular weight acrylic polymers in RTILs, as well

as results on block copolymer formation via sequential monomer addition. The

latter reactions take advantage of the long-lived nature of free radicals in some of

these systems. Homopolymerization under conditions where the growing radicals
precipitate in the RTIL leads to simultaneous rapid rates of polymerization and

high molecular weights. This method shows
' green' synthesis of polymers.
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great

promise for economical and

Introduction

Free radical polymerization is a key process for the polymer industry. Robust
and economical, it accounts for about 50% of all mass-produced polymers (100).
The study of free radical polymerization has been stimulated recently by the
development of a variety of "living" free radical polymerization techniques (101,
102, 103). One of the major virtues of radical polymerization is its relative
insensitivity to monomer and solvent impurities, as compared to ionic
polymerization. Thus radical polymerization can be carried out under less
rigorous conditions, resulting in reduced cost. Another advantage of this process
is that it can be applied to an extremely broad range of monomers.
Almost all polymers made from conventional free radical processes are
homopolymers and random copolymers. Conversely, block copolymers,
composed of chemically different "blocks" covalently bonded together, offer
potential to create complex and functional new nanostructured materials that were
unimaginable just a few decades ago. Although many methods, including living
anionic, cationic, and radical polymerization, are available to synthesize well
defined block copolymers, all of them, including living radical polymerization,
require relatively demanding experimental procedures or else the compositions
and/or structures of the final block copolymers are not well controlled. It has not
been possible in general to make block copolymers through conventional free
radical polymerization (104). Moreover, most conventional free radical
polymerizations are done in volatile organic compound (VOC) solvents, which
have been blamed for increasing air pollution.
In recent years, room temperature ionic liquids (RTILs) have emerged as
promising substitutes for volatile organic solvents, and have attracted much
interest from the chemistry community for their potential as green "designer
solvents," and several excellent reviews are available (105, 106, 107, 108, 109,
110). RTILs are salts that are liquid around room temperature (melting points as
low as -96 °C). Invariably, these ionic liquids are either organic salts or mixtures
consisting of at least one organic component. Cations are typically asymmetric
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and bulky (such as alkylammonium, alkylphosphonium, N-alkylpyridinium, and
N, N'-dialkyimidazolium), which accounts for their low melting points. On the

other hand, anions contribute more to the overall properties of the ionic liquids.

Variations in cations and anions can produce a very large range of ionic liquids
(111), thus allowing for fine-tuning of ionic liquid properties for specific

applications. Constrained by high Coulombic forces, some RTILs exert negligible

vapor pressure (i.e., are non-volatile) (107); they also may be non-flammable and

thermally stable (7). RTILs not only show potential for use in separations (112,

113) and as electrolytes, but they are also promising solvents for chemical

syntheses and particularly for catalysis, including applications in polymerization.

In the early 1990s, several polymerization studies were done in

chloroaluminate based ionic liquids. Carlin and coworkers (114) investigated the

electrochemistry of TiC14 in AlCh-1-ethyl-3-methylimidazolium chloride
([EMIM]) melt and they found the combination of TiC4 and AlEtCh in AlCh

[EMIM]Cl to be catalytically active for ethylene polymerization. Even though the

yield of polyethylene was very low, they demonstrated that an RTIL could serve

as a polymerization medium. Using Cp2TiCh instead of TiC4, higher yields of
polyethylene could be achieved as reported by Carlin and Osteryoung (115). The
electrochemical polymerization of benzene in various ionic liquids to prepare

poly(p-phenylene) has also been reported (116, 117, 118, 119). In these studies,

ionic liquids were used mainly as convenient electrolytes. Carlin and Osteryoung

(120) produced a new electroactive material by electrochemical oxidation of

triphenylsilyl chloride (Ph3 SiCl) in the acidic ionic liquid (AlCh-[EMIM]Cl). The
film exhibited reversible redox behavior and was electronically conducting in

oxidized state. They postulated that the cations of the ionic liquids took part in the
formation of the film.

However, one of the major drawbacks of

chloroaluminate(Ill) based ionic liquids is that they are water-sensitive.

Very recently, Haddleton, et al. (121) used 1-butyl-3-methylimidazolium

hexafluorophosphate ([BMIM]PF6), air and water-stable RTIL, as solvent for the

Cu(I)-N-propyl-2-pyridylmethanimine mediated living radical polymerization of
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methyl methacrylate (MMA). They found that the rate of polymerization was
enhanced as compared to other polar/coordinating solvents, even though the
molecular weight of the resulted poly(methyl methacrylate) (PMMA) was low.
Moreover, the polymer recovered was made essentially copper free by a simple
solvent wash, which avoids the contamination of the polymer product by the
catalyst.
In this study, we set out to evaluate the potential utility of neutral, air stable
RTILs for conventional free radical polymerization of styrene, MMA, and acrylic
acid (AA) in

[BMIM]PF6 and/or [HMIM]PF6 (HMIM =

methylimidazolium

cation).

Benzoyl

peroxide

(BPO)

1 -hexyl-3and

2,2' -

azobisisobutyronitrile (AIBN) were used as radical initiators. The isolation,
purification, molecular weights, and microstructures (tacticity) of the polymers
were investigated, along with the potential of RTILs for use in block copolymer
formation using conventional free radical initiators.
Experimental
Materials. Styrene (Aldrich, 99%), MMA (Aldrich, 99%), and AA (Aldrich,

99%) were distilled to remove inhibitors and stored in calibrated ampoules.
[BMIM]PF 6 and [HMIM]PF6 (provided by Sachem Inc. or synthesized as
reported elsewhere (1 09)) were washed with pure water five times. Benzene
(Fisher, � 99%) and toluene (Fisher, � 99.8%) were distilled from freshly crushed
calcium hydride. BPO (Aldrich, 97%) and AIBN (Aldrich, 98%) were
recrystallized from methanol.
Instrumentation. Size exclusion chromatography (SEC) was used to measure

molecular weights and molecular weight distributions, MwlMn , of organo-soluble
polymer samples with respect to PMMA or polystyrene (PS) standards (Pressure
Chemical Co.). The SEC experiments were carried out at 30 °C in THF using a
Waters 5 10 pump and Waters 410 differential refractometer detector (flow rate: 1

mUmin, columns: Waters 500 A, 103 A, 104 A, 105 A, 106 A). Aqueous SEC with

pullulan standards (pullulan is a water soluble polysaccharide commonly used as
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a calibrant in aqueous SEC) was used to estimate molecular weights of
poly(acrylic acid) specimens.
1

H and 1 3C NMR spectra of the polymers were obtained using a Bruker ARX-

400 spectrometer at room temperature. Sample concentrations · were between ca.

10-25% (w/v) in CDCh. Trace CHCh in CDCh (7.26 ppm for 1 H and 77.3 ppm
for 13C) or TMS (0 ppm) was used as an internal reference.

Polymerization. All polymerizations were performed under high vacuum to

ensure that the systems were oxygen free. After charging the initiator (BPO or

AIBN) and solvent ([BMIM]PF6 or [HMIM]PF6) into a round bottom flask with a

constriction, the system was degassed for 2 h and a pre-determined quantity of

monomer (styrene, MMA, or AA) was distilled into the reactor. The flask was
removed from the vacuum line by heat sealing at the constriction and placed in a

pre-heated water bath (65 °C for AIBN and 75 °C for BPO). The polymerization

was allowed to continue for about 4-8 h and then stopped by precipitation into

methanol ([BMIM]PF6 is soluble in methanol). In the case of copolymerization,

the first block was made by the same procedure described above, using a shorter

polymerization time (< 4 h). After taking about 5 mL of solution for sampling, the

unreacted monomer was pumped away. Then a pre-determined quantity of the

second monomer (such as MMA) was distilled in the system, and the reaction was
kept at a lower temperature (room temperature) for a longer time (e.g., up to 4

days). The MMA and styrene polymers were isolated gravimetrically, methanol

was used to remove residual RTIL, and the pure polymers were dried under
vacuum. In the case of poly(acrylic acid), the polymer was extracted from the

RTIL using water.

Results and Discussion

Homopolymerization in [BMIMJPF6 or [HMIMJPF6. Table B-2-1 shows

results from homopolymerization of MMA and AA initiated by AIBN in

[BMIM]PF6 or [HMIM]PF6 • From the table we can see that PMMA obtained

using AIBN in [BMIM]PF6 or [HMIM]PF6 have very high molecular weights,
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much higher than for PMMA made using a conventional VOC solvent, e.g.,
benzene, at the same monomer to initiator ratio. The polymers exhibit typical
polydispersities for free radical polymerization products, despite the fact that all
polystyrenes are insoluble in the reaction medium. Also, we noted that the
polymerizations were rapid; complete conversion of monomer to polymer was
achieved after eight hours polymerization time. Thus, it seems that the viscous
nature of the RTIL solvent leads to "diffusion controlled termination" throughout
the polymerization. A diminished rate of termination would explain both the
higher than expected molecular weights and rapid polymerization rates. For the
polymerization of AA initiated by AIBN in [HMIM]PF6, the polymer remained
soluble and polydispersities were very broad. That is not surprising for radical
polymerization of AA (122).
Figure A-2-1 shows the SEC traces of polystyrene (PS) obtained from BPO in

[BMIM]PF 6 and benzene. Even though the reaction conditions were almost the
same, the molecular weight of PS obtained from BPO in [BMIM]PF 6 is much
higher than that obtained from BPO in benzene. This confirms the prior
observations regarding molecular weights of PMMAs made in RTILs that are
nonsolvents for PMMA. As above, we explain the higher molecular weights by
the fact that [BMIM]PF6 is a nonsolvent for PS, and as the polymerization
proceeds PS chains form a monomer swollen polymer phase limiting polymer
termination (radicals in this entangled polymer phase have difficulty diffusing
together). The polymer can be gravimetrically separated from the reaction mixture
in such instances, maki�g polymer isolation easy.
Table B-2-1 . Homopolymerization of MMA and AA in RTIL
Figure A-2-1 . SEC Traces of PS (A) from styrene (1.5 mL) polymerized by

BPO (5 mg) in [BMIM]PF 6 (15 mL) at 75 °C for 8 h, Mp ----800 kg/mol, Mw!Mn
----2.2; (B) from styrene (6.2 mL) polymerized by BPO (20 mg) in benzene (40
mL) at 75 °C for 15 h; Mp ----231 kg/mol, Mw!Mn ----2.5.
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The unique characteristics of RTILs may also offer new possibilities to tailor

polymer properties. Thus, we investigated the tacticity of PS and PMMA obtained

using [BMIM]PF6 . Figure A-2-2 shows the 1 3C-NMR spectra of carbonyl regions

in PMMA obtained from various polymerization mechanisms. It is well known

that the chemical shifts of carbonyl groups in PMMA are very sensitive to

tacticity (11 9). Our preliminary data suggest that the tacticity of PMMA prepared
by radical polymerization in RTILs is essentially equivalent to that produced

using conventional radical polymerization, as indicated in Figure A-2-2. Detailed

studies of the microstuctures of PMMA obtained from various RTILs and the

microstructures of other methacrylate and acrylate derivatives are in progress.

Figure A-2-2. 1 3C NMR spectra of PMMA (carbonyl regions) (A) from AIBN

in [BMIM]PF6 ; (B) from BPO in [BMIM]PF6 ; (C) from BPO in benzene.

Copolymerization ofStyrene and MMA in [BMIMJPF6- The poor solubilities

of most polymers in RTILs, and the resulting apparent diffusion limited

termination behavior, stimulated us to attempt to make block copolymers using

conventional free radical polymerization with sequential addition of monomers.

Figure A-2-3 illustrates the SEC traces for the block copolymerization of styrene

and MMA (styrene was polymerized first). Although there is PS homopolymer

present in the unfractionated diblock, the polymer is mostly diblock (refractive

index increment, dn/dc, for PMMA is much smaller than dn/dc for PMMA in
THF (about 0.19 versus 0.11 mUg, respectively), meaning that the amount of PS

homopolymer in chromatogram B is much less than it appears). After extraction

using cyclohexane to remove the PS homopolymer, NMR was used to confirm the

copolymer nature of the purified diblock (chromatogram C). It should be noted
that negligible PMMA homopolymer formation occurs because the solution was

never exposed to temperatures higher than room temperature after addition of

MMA. The rate of decomposition of BPO to generate free radicals is essentially
zero at such low temperatures.
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Figure A-2-3. SEC Traces of (A) PS block from BPO in [BMIM]PF6 , (B) PS
b-PMMA after adding MMA to PS block (before extraction), (C) PS-b-PMMA
after extracting with cyclohexane.
The success of this process depends on the precipitation of the first block,
which will trap some of the propagating centers (radicals) and keep them "living"
(by minimizing coupling and/or disproportionation). When the second monomer
is added, it diffuses to the radical sites, polymerization continues, and block
copolymer is formed.

The appropriate choice of reaction temperatures and

reaction times during polymerization of the two blocks is also very important.
Typically, one should utilize higher temperatures and shorter times for
polymerization of the first block relative to the second block.

The higher

temperature during formation of the first block, promotes relatively rapid radical
formation with initiators like BPO and AIBN. The use of a much lower
temperature during polymerization of the second monomer minimizes generation
of new free radicals that would lead to homopolymer contaminants derived from
homopolymerization of the second monomer by newly created radicals. Though
rigorous characterization of the final products is still in progress, the preliminary
results presented herein clearly demonstrate that it is possible to make block
copolymers in RTILs by simple sequential addition of monomers.
Conclusions
The room temperature ionic liquids [BMIM]PF 6 and [HMIM]PF6 were used
as solvents for conventional free radical homopolymerization of styrene, MMA,
and AA. For PMMA and PS chain growth, the degree of polymerization obtained
using ionic liquids was much higher than that obtained via conventional radical
polymerization in benzene using the same monomer and initiator charges. Rates
of polymerization were also rapid for these systems, relative to polymerization in
common organic solvents. We believe that the simultaneous rapid polymerization
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rates and high molecular weights are due to diffusion-controlled termination,
reflecting both the high viscosity of the RTILs and phase separation.

The

polymers were also easily (gravimetrically) isolated from the reaction medium
because of the insolubility of PS and PMMA in [BMIM]PF6 and [HMIM]PF6 •

Residual RTIL could be removed with alcohol, making this polymerization
process potentially attractive for "Green" polymer synthesis.

There were no

major differences in tacticity of PMMA made in RTILs as compared to PMMA
obtained from conventional solution radical polymerization.

Sequential monomer addition under the appropriate conditions of temperature

and reaction time allowed synthesis of block copolymer in high yield using

conventional free radical initiators and RTILs as solvent. This method shows

great promise for economical and 'green' synthesis of a wide range of block

copolymers.
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Chapter 3
Free radical polymerization of styrene and methyl methacrylate in
various room temperature ionic liquids
This chapter is a lightly revised version of a manuscript by the same name
prepared for submission to the symposium book "Ionic Liquids in Polymer
Systems: Solvents, Additives, and Novel Applications" ACS 22ih meeting,

Anaheim, CA, in 2004 by Hongwei Zhang, Kunlun Hong, Jimmy W. Mays:
Zhang, H.; Hong, K.; Mays, J. W. "Free Radical Polymerization of Styrene and
Methyl methacrylate in Various Room Temperature Ionic Liquids. " Christopher,

C. S.; Rogers, R. D., Eds.; ACS Symposium series. American Chemical Society,
New York, 2004, in preparation.
My use of ''we" in this chapter refers to my co-authors and myself. My primary
contribution to this paper includes the experiment part and part of writing.
Abstract

Conventional free radical polymerization of styrene and methyl methacrylate was
carried out in various room temperature ionic liquids (RTILs). The RTILs used in
this research encompass a wide range of cations and anions. Typical cations
include imidazolium, phosphonium, pyridinium, and pyrrolidinium; typical anions
include amide, borate, chloride, imide, phosphate, and phosphinate. Reactions are
faster and polymers obtained ·usually have higher molecular weights when
compared to polymerizations in volatile organic compound solvents under the
same conditions, except for one case. This shows that rapid rates of
polymerization and high molecular weights are general features of conventional
radical polymerizations in RTILs. Attempts to correlate the polarities and
viscosities of the RTILs with the polymerization behavior fail to yield discernible
trends.
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Introduction

The first room temperature ionic liquid {RTIL): [EtNH3] [NO3 ] (mp: 12°C)

was reported in 1914 (123) and since then a lot of research effort have been

exerted to exploit the possible applications of ILs. Initially, they were used mainly

as electrolytes in batteries or for metal electrodeposition.

Ionic liquids are also called molten salts and are liquids containing only

cations and anions at ambient temperature. They exhibit a relatively wide electro

chemical window, good electronic and ionic conductivity, a broad range of room

temperature liquid compositions, negligible vapor pressure and excellent

chemical, thermal, air and moisture stability (124)They are composed of weakly

coordinating anions, e. g. BF4• and PF6- and, hence, are highly polar yet non

coordinating solvents. Most of imidazolium and pyridinium ionic liquids have

polarities

similar

to

those

of

lower

alcohols

(125).

Their

hydrophilicity/lipophilicity are adjustable by varying the combination of cations

and anions and RTILs have been referred to as "designer solvents"

(126)Therefore, they are able to dissolve a variety of organic, inorganic and

organometallic compounds. Their ease of handling and potential for recycling

make them attractive potentially environmentally benign reaction media to
replace deleterious volatile molecular solvents.

Furthermore, RTILs have limited miscibility with some of the common

organic solvents but high compatibility with transition metals. As a consequence,

a biphasic or phase-separable (organic/RTIL biphasic systems) catalysis concept

can be developed in which a homogeneous catalyst is immobilized in one liquid

phase (RTILs) and the reactants and/or products reside largely in another liquid
phase (organic) (127), thus enabling easy product and catalyst separation with the
retention of the transition metal catalyst in the ionic liquid phase. Various

common organic reactions employing metal catalysts have been tried in different
ionic liquids.

In addition, RTILs are also exploited in various applications, ranging from

quartz crystal microbalance sensors (128), surfactants for neoteric biphasic system
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(129), templates for aerogel synthesis (130), lubricants for different material

contacts (131), desulfurization agents (132), stationary phases for gas
chromatography (133), to solvents for nanoparticles production (134).

Using RTILs as polymerization media has attracted increasing interest from

scientists

(135).

Many

polymerizations,

including

free

radical

(14),

living/controlled free radical (atom transfer radical polymerization (ATRP),

reversible addition-fragmentation chain transfer (RAFT) and nitroxide mediated
polymerization (NMP)) (136), electrochemical (137), condensation (138), ring

opening metathesis (139), block (140) and statistical (141) polymerizations have
been carried out in different RTILs. In addition to the unique properties

mentioned above, RTILs can also lead to significant improvements of
polymerization rate, and/or yield. In a recent communication (201), we described

the large increases in both the rate of polymerization and the molecular weights

that are obtained in the polymerizations of methyl methacrylate (MMA) in RTILs
as compared to those in conventional organic solvents. In part, these dramatic

increases are because of the high viscosity of the polymerization media. Chain

termination is diminished in viscous systems. Harrison et al. (142)used the pulse

laser polymerization (PLP) technique to polymerize MMA in 1-butyl-3-

methylimidazolium hexafluorophosphate ([BMI1\1][PF6] ) . They found that both

the propagation and termination rates were significantly affected by

[BMil\1][PF6]. They attributed the increase of the propagation rate to increased

polarity of the ionic liquid solution, which lowered the activation energy of
propagation through charge-transfer interactions. On the other hand, the

termination rate was decreased simply because of the increased viscosity of the

polymerization medium. In this paper, we report the conventional free radical
polymerisation of styrene and MMA in a wide range of commercially available

hydrophobic RTILs. The polarity and viscosity of RTILs are reported, and a
correlation of the polarity and viscosity with the polymerization behavior is

attempted.
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Experimental

Materials. MMA and St (Aldrich, 99%) were passed through an inhibitor

remover column (Aldrich, disposable) and distilled just before use. Benzene

(Fisher, �99%) was stirred over concentrated sulphuric acid for more than 24

hours and distilled from freshly crushed calcium hydride. Benzoyl peroxide

(BPO) (Aldrich, 97%) was recrystallized from chloroform. All RTILs (Merck or

synthesized according to literatures) were used as received: 1-methyl-3pentylimidazolium

tris(pentafluoroethyl)-trisfluorophosphate

([MPIM][(EF5)3

(PF3)]), 1-hexyl-3-methylimidazolium tris(pentafluoroethyl)trisfluorophosphate
([HMIM][(EF5)3(PF3)]),

trishexyl-(tetradecyl)phosphonium

dicyanamide

([H3TDP]Dcy), 1-hexyl-3-methyl-imidazolium hexafluorophosphate ([HMIM]
PF6), trishexyl(tetradecyl)-phosphonium bis[oxalato(2-)]-borate ([H3TDP] BOA2),
n-hexyl-pyridinium
phosphonium

tetrafluoroborate

([HP]BF4),

([H3TDP][NTf2]),
tris(pentafluoroethyl)trisfluorophosphate

bis-(trifluoromethylsulfonyl)imide

trishexyl(tetradecyl)-phosphonium

trishexyl(tetradecyl)

([H3TDP][(EF5)3(PF3)]), l-butyl-1-methyl-pyrrolidinium bis-(trifluoromethyl
sulfonyl)imide ([BMPy] [NTf2]), trishexyl(tetradecyl)-phosphonium chloride
([H3TDP]Cl), 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([HMIM][NTf2])

([BMIM]PF6)-

and

1-butyl-3-methyl-imidazolium

hexafluorophosphate

Instrumentation. Size exclusion chromatography (SEC) experiments were

carried out at 30 °C using a Polymer Laboratories Knauer 501 HPLC pump and

Knauer 2301 RI detector. Two PSS (Polymer Standard Service) columns were

used (one 1OOA and one linear mixed bead column). The flow rate of the mobile

phase (tetrahydrofuran) was 1 m.L/min. The 1 H and 1 3C spectra were recorded on

a Bruker AMX 400 MHz NMR spectrometer using CDCh or CD3COCD3 as

solvents and internal references. Differential Scanning Calorimetry (DSC) was
carried out on a DSC Q1000 (TA Instruments) in the Polymer Characterization
Laboratory at the Chemistry Department (University of Tennessee at Knoxville)

under nitrogen using (scanning rate 10°C min- 1 ). Polarity tests were run on a
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Perkin-Elmer Instruments, Lamda 35 UVNis Spectrometer (Perkin-Elmer).
Transition energy, E, of the solvatochromic band, was calculated by the equation:

E=28591.44/Arnax in kcaVmol or =(hCNA/lmax)x106 (h is Planck's constant, C is

the speed of light, NA is Avogadro's number and lmax is the wavelength of

maximum absorption; 1 cal is 4.184 J).Viscosities were measured using AERS-LS
#0012005 rheometer (Rheometric Scientific (TA Instruments): Angular velocity:
7.0498 (rad/s).

Polymerization. All polymerizations were performed under high vacuum to

ensure that the systems were oxygen free. The initiator, monomers and reaction

media were weighed into ampoules separately. After five cycles of freeze

vacuum-thaw, the ampoules were flame-sealed and kept in a water bath at 70°C
for the desired time. The polymerizations were stopped by precipitation into

methanol, washing with large amounts of methanol, filtering and drying under
high vacuum to constant weight. Conversions were determined gravimetrically.
Results and Discussion

RTILs in this work cover a wide range of cations and anions: typical cations

are imidazolium, phosphonium, pyridinium and pyrrolidinium and typical anions

include amide, imide, borate, chloride, phosphate and phosphinate. Solubilities of

the RTILs were tested in common organic solvents and the solubility behaviours

of all of the RTILs are similar to those of [BMIM]PF6 • Polymerization of St or

MMA was carried out in RTILs using BPO as initator. In order to compare the
results, control samples were prepared in benzene under the same conditions.

Polymerizations were run for limited periods of time to keep conversions low and

avoid complication such as would be expected from the Trommsdorf effect. The

characterization data are summarized in Table B-3-1.

Table B-3-1. Characterization Data for Polymerizations of MMA in Various

RTILs or Benzene
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In all the cases except [H3TDP]Cl, the polymerizations of MMA reached

higher conversions as compared to that in benzene (2-4 times higher). At the same

time, the weight average molecular weights were much higher (2-8 times higher)
and polydispersities (PDis) were from 1.85 to 4.43 with monomodal molecular

weight distribution (MWD). In most cases, the PMMA was miscible with the

RTIL. In [H3D4P]Dcy, shortly after raising temperature to 70° C, there was phase

separation and a solid was formed. The polymer had a broad MWD

(Mw!Mn=4.43). For another three RTILs: [HMIM]PF6, (H3TDP]B02 and

[HP]BF4, gel-formation was observed during polymerization. The low

RTIL/monomer ratios may explain this. A similar result was found on

polymerization of MMA in [BMIM]PF6. Typical SEC traces are shown in Figure
A-3-1. In the case of styrene, the polymers precipitated during the reaction due to

the insolubility of the polystyrene in RTILs. The MwS were higher for most cases,
with higher yields and broad MWDs.

In the conventional free radical polymerization mechanism, the planarity of

propagating free radical chain end (sp2 hybridization) renders poor control of
polymer tacticity because the monomer can attack the chain-end from both sides.

Stereocontrol maybe realized in ionic polymerization (anionic or cationic

polymerization) or coordination polymerization (Ziegler-Natta or metallocene

catalysized polymerization). Several routes to control the tacticity free radically

have been reported: the auxiliary group approach. (143), complexation of

monomers with lewis acids (144), chiral initiator or chiral ligand in controlled
living free radical polymerization (145), template polymerization or microfluidic

channel polymerization (146).

Figure A-3-1. SEC traces of PMMA (A) polymerized in benzene at 70 °C for

0.5 hour, (B) polymerized in [HMIM][(EF5)3(PF3)] at 70 °C for 0.5 hour.

One of our objectives was to determine whether or not the conventional free

radical polymerization in RTILs can produce polymers with different tacticities
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from those prepared in common organic solvents. The Be NMR technique was
used to examine the tacticity of all the PMMAs made both in RTILs and in
benzene. benzene. It is well known that chemical shifts of the carbonyl group of
PMMA {-l 78ppm) are very s�nsitive to the tacticity. Figure A-3-2 shows a
typical set of Be NMR spectra of the carbonyl region in PMMAs obtained from
polymerizations in one of the RTILs ([H3TDP]Dcy) and in benzene. Our results
suggest that the tacticities of PMMA prepared in RTILs are essentially equivalent
to those made in benzene. This is in agreement with our former report
( 147).Furthermore, DSC traces of PMMAs made by different methods yield
similar glass transtion temperatures (Tg) (Figure A-3-3). This give additional
support that free radical polymerizations in the RTILs used in the present study
yield products that show no significant difference in stereoregularity.
Figure A-3-2. Be NMR spectra of PMMAs in (A). benzene and in (B).
Trishexyl(tetradecyl)phosphonium dicyanamide ([H3 TDP]Dcy).
Figure A-3-3. DSC traces of PMMAs in (A). bulk (Mw=400K) and in (B).
Trishexyl(tetradecyl)phosphonium dicyanamide ([H3TDP]Dcy) (Mw=261 K).
Although the mechanism of free radical polymerization in RTILs is not
completely understood at the present time, some research groups have given
tentative explanations. Hong et al. (20 1 ) proposed a "diffusion-controlled
termination" mechanism to explain the combination of high molecular weight
products and fast reaction rates in RTIL system. The termination rate is
diminished due to the relative high viscosity of the medium. This can explain
polymerization behaviors observed in this research. Harrisson et al. (208) stated
that increased polarity of the medium may favour charge transfer between
monomer or radical and ionic liquids. Aki et al. (1 90) various imidazolium and
pyridinium ionic liquids and indicated that these ionic liquids are more polar than
acetonitrile but less polar than methanol. It was also noted that the preferential
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radical-ionic liquid complex formation with only one of the ions could introduce

electrostatic repulsions resulting in reduced rates of termination (208).

Polarity test results are shown in Table B-3-2. The data obtained in this work

are in good agreement with those from the literature (148).In the present study,

polarities of most of the RTILs were found to lie in the range of small molecular

alcohols but other RTILs were found to be as polar as fatty acids. Surprisingly, no

clear trend is found between polarity of RTILs or benzene and Mws or yields of

the produced polymers. Attempts to correlate visocosity with polymerization
behavior also failed (Table B-3-3).

On the other hand, Strehmel et al. (149) found that the higher viscosity, the

higher yields and MWs of the polymers. This discrepancy may reflect the fact that

the RTILs employed in the latter case are composed of cations and anions of

similiar structures except the alkyl length and positions on the cation while either

the cations or anions are structurally different in our work. It is still of t too early

to make a conclusion that polari.ty or viscosity of RTILs have no apparent effect
on the polymerization behavior in RTILs. It is our opinion that in correlating

viscosity with polymerization behavior it is crucial to keep conversions low, as

done in our work, otherwise the Trommsdorf effect can obscure correlations. In

the work by Strhmel et al. polymerizations were carried out to high conversions.

Likely, the RTILs that are of high viscosity will give polymerization system that
exhibit the Trommsdorf effect at lower conversion that for RTILs with lower

viscosity. It is well known that the onset of the Trommsdorf effect is accompanied
by large increases in polymer molecular weight and rate of polymerization, both

caused by diminished termination. Thus, it would be interesting to carried out a

study similar to that by Strehmel et al. but at lower conversions. The polarity of

molecular solvents reflects a combination of many interactions including: H

bonding, p-interaction or van der Waals forces. In RTILs, it is even more

complicated since both cations and anions may have their own distinct

intreractions. We used a solvatochromic dye (Nile red) to measure the polarities

of RTILs and the results showed a similar trend as those in reference (150). Since
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Nile red is a positively solvatochromic, it preferentially interacts with anions of
RTILs. The apparent polarities deduced maybe not reflect the real values, thus
further experiments need to be carried out to address this problem.
Table B-3-2. Correlations between Polarity of RTILs and Characterization

Data of Polymers in RTILsa
Table B-3-3. Correlations between Viscosities of RTILs and Characterization

Data of Polymers in RTILsa
MMA can also be thermally polymerized in [BMIM]PF6 without any
thermoinitiators at 70 ° C for 2 hours. The preliminary data showed that the
polymer produced had Mw around l .29x 1 05 and Mw!Mn around 1 . 78 with 4.89%
conversion. There was no polymer formed in benzene under the same conditions.
We hypothesize that the presence of [BMIM]PF6 may aid the spontaneous
polymerization of MMA. The catalytic ability of RTILs for organic and
bioorganic synthesis has long been recognized and this was discussed in recent
review articles (200). True catalytic mechanism for polymerization is not
understood at this time.
Conclusions

In conclusion, we have shown that the RTILs used in the current study are
promising reaction media for free radical polymerization. In most cases, the
reactions in RTILs are much faster when compared to those in benzene under the
same conditions and lead to polymers with much higher molecular weights. This
result indicates that the rapid polymerization rates and high molecular weights
observed in previous studies are rather general features of conventional radical
polymerization in RTILs. An _attempt was made to correlate polarities and
viscosities of RTILs with polymerization behavior, however, such a correlation
fails to reveal any trends. Thus, additional studies are necessary to elucidate the
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mechanism that results in the observed accelerations of reactions and the higher
molecular weight products.
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Chapter 4
First report of nitroxide mediated polymerization in an ionic liquid
This chapter is a lightly revised version of a paper by the same name accepted in
the journal Polymer Bulletin in 2004 by Hongwei Zhang, Kunlun Hong, Jimmy
W. Mays:
Zhang, H. ; Hong, K.; Mays, J. W. "First report of nitroxide mediated
polymerization in an ionic liquid. " Polym. Bull. 2004, 52, 9.

My use of ''we" in this chapter refers to my co-authors and myself. My primary
contribution to this paper includes the experiment part and part of writing.
Summary

Nitroxide-mediated free radical polymerizations (NMP) of styrene (St) and
methyl methacrylate (MMA) were carried out in a room temperature ionic liquid:
1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]PF6). A bimolecular
initiation system, dibenzoyl peroxide (BPO) along with 2,2,6,6-tetramethyl-1piperidinyloxy (TEMPO) and a unimolecular initiation system, 2,2,5-trimethyl-3(1-phenylethoxy)-4-phenyl-3-azahexane (a.-hydrido alkoxyamine, TMPPAH))
were employed. Contrary to the results obtained for atom transfer radical
polymerization (ATRP) and reversible addition-fragmentation radical transfer
polymerization (RAFT) in the same ionic liquid, the molecular weights in NMP
were lower with broader polydispersities for a wide range of initiator ratios and
temperatures due to the non-living nature of polymerization.
Introduction

The study of radical polymerization has witnessed a renaissance because of
the discovery of controlled/"living" polymerization processes in the past decade
(Figure A-4-1). Many major advances have occurred in nitroxide-mediated
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(NMP) polymerization (151, 152, 153), transition metal mediated polymerization
(154, 155) and reversible addition-fragmentation chain transfer {RAFT)
polymerization (156, 157). NMP is the oldest of those new methods and it has a
similar mechanism to the use of iniferters (initiator-transfer agent-terminator),
which is arguably the first attempt to develop a true living free radical
polymerization reported about 20 years ago (158). The principle of NMP is
summarized in Figure A-4-1 . The key to the success of this approach is that the
concentration of the reactive chain ends is reduced to an extremely low level by
reversible termination of the growing polymeric chain. The low overall
concentration of the propagating chain end will minimize undesired side
reactions, such as irreversible termination reactions through combination or
disproportionation. Thus control over the entire polymerization process 1s
achieved since all the chains should be initiated only from the desired initiating
species and propagation should proceed in a controlled fashion. Georges and
coworkers obtained low polydispersity polystyrene by bulk polymerization of
styrene in the presence of 2,2,6,6-tetramethylpiperidinyloxy {TEMPO) and
benzoyl peroxide (BPO) at 130° C (159). While successful in yielding low
polydispersity products of predictable molecular weight, the poorly defined nature
and unknown concentration of the initiating species in this process result in less
than ideal control of the polymerizations. Thus Hawker and coworkers developed
universal initiators for nitroxide-mediated living free radical polymerizations
(160). Some of these initiators exhibit better control over the polymerization of
various monomers.
Figure A-4-1. Controlled polymerization of styrene with mediating radical.

Over the past several years, room temperature ionic liquids (RTILs) have
stimulated much interest among the chemistry community for their potential as
green "designer solvents" and several excellent reviews are available recently
(161, 162, 163). RTILs not only show potential for use in separations and as
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electrolytes, but they are also promising solvents for chemical syntheses and

particularly for catalyses. The use of RTILs as a polymerization medium has also
recently attracted considerable interest. Conventional or controlled radical

polymerization of styrene, methyl methacrylate (MMA), and acrylates has been
carried out in various RTILs (164, 165, 166, 167, 168, 169). Haddleton et al.

(157) reported the first example of transition-metal mediated living-radical

polymerization of MMA in an RTIL. Rate of polymerization was enhanced

compared to other polar/coordinating solvents. The removal of the residual

catalysts was facilitated by the unique properties of the ionic liquid. The
reversible addition-fragmentation chain transfer polymerization of acrylates,

methacrylates, and styrene has also been reported in room temperature ionic

liquids (1 62). Acrylate and methacrylate polymerizations show a living character

and lead to well-defined polymers, with narrow polydispersity (<1.3); in the case
of styrene, the insolubility of the polymer in the ionic liquids stops the

polymerization at an early stage.

In this work, the nitroxide _TEMPO and a universal alkoxyamine initiator

developed in Hawker's group were used to mediate free radical polymerizations

of styrene and MMA which were carried out in 1-butyl-3-methylimidazolium

hexafluorophosphophate ([BMIM]PF6, Figure A-4-2) under various conditions.

Since we have previously noted enhanced rates of radical polymerization in

RTILs (158), it was our hope that the use of RTILs might enhance polymerization

rates and allow the use of reduced polymerization temperatures (slow
polymerizations and high temperatures are two of the factors limiting practical

implementation of NMPs).

Figure A-4-2. Structure of 1-butyl-3-methylimidazolium hexafluorophosphate

([BMIM]PF6)
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Experimental
Material Styrene (Aldrich, 99%) and MMA (Aldrich, 99%) were distilled to

remove inhibitors and stored in calibrated ampoules. [BMIM]PF6 (provided by
Sachem Inc.) was washed with pure water five times and vacuum-dried ( l f 6 torr)
f

for over 24 hours. Benzene (Fisher, � 99%) and dichlorobenzene (DCB, Fisher, �
99%) were distilled from freshly crushed calcium hydride. BPO (Aldrich, 97%)
was recrystallized from chloroform or acetone. TEMPO was purchased from
Aldrich and used as received. 2,2,5-Trimethyl-3-(1-phenylethoxy)-4-phenyl-3azahexane was generously provided to us by Dr. Craig Hawker of IBM Almaden
Research Laboratory and was used as received
Instruments. Size exclusion chromatography (SEC) was used to measure
molecular weights and molecular weight distributions, Mw!Mn, of organo-soluble
polymer samples with respect to polystyrene standards (Pressure Chemical Co.).
The SEC experiments were carried out at 30 °C using a Polymer Laboratories
Knauer 501 HPLC pump and Knauer 2301 RI detector. Two PSS (Polymer
Standard Service) columns were used (one 1OOA and one linear). The flow rate of
the mobile phase (tetrahydrofuran) was 1 mL/min.
Polymerizations. All polymerizations were done under high vacuum to ensure
that the systems were oxygen free. After charging desired amounts of initiator
(BPO), TEMPO and solvent ([BMil\1]PF6) into a round bottom flask with a
constriction, the system was degassed for 2 hr and a pre-determined quantity of
monomer (styrene) was distilled into the reactor. The flask was removed from the
vacuum line by heat-sealing at a constriction and kept in a pre-heated water bath.
The polymerization was allowed to continue for the desired time and stopped by
precipitation into methanol. In the case of copolymerization, the first block was
made by the same procedure described above, but the polymerization time was
shorter (< 4 hr). After talcing about 5 mL of solution for sampling, the unreacted
monomer was pumped away. Then a pre-determined quantity of the second
monomer (such as MMA) was distilled in the system, and the reaction continued
for the desired time. The MMA and styrene polymers were isolated
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gravimetrically, methanol was used to remove residual RTIL, and the pure

polymers were dried under vacuum.

Results and Discussion

Control experiments on nitroxide-mediated radical polymerization of styrene

via TEMPO-BPO bimolecular initiation system were first tried to make sure the
right synthesis

technique

was employed

throughout

this work.

The

characterization data are summarized in Table B-4-1, where it can be seen that

our results are very close to the literature values generated under the same

conditions (170).

Table B-4-1. Molecular weight and polydispersity data for the nitroxide

mediated radical polymerization of styrene as a function of the TEMPO: BPO
ratio in this work and in the literature. a

The polymerization of styrene, mediated by TEMPO was carried out in bulk,

[BMIM]PF6 and dichlorobenzene and the results are listed in Table B-4-2
(Figure A-4-3).
Table B-4-2. Polymerization characteristics (conversion, molecular weight

and polydispersity) for the polymerization of styrene mediated by TEMPO in bulk
and in various solvents a_

Figure A-4-3. Bi-molecular initiation system (BPO+TEMPO) for nitroxide

mediated radical polymerization.

From Table B-4-1 we can see that under all reaction conditions, the

polymerization of styrene using BPO/TEMPO in [BMIM]PF6 produced some

polystyrene. However, the conversion and molecular weight of the resulting

polymers were much lower than those obtained from the bulk under similar
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reaction conditions. Polydispersities were generally much higher than expected.

One possible explanation is that [BMIM]PF6 interfered with the TEMPO

mediated radical equilibrium. The polymerization results for styrene in DCB were
not as good as those in bulk and the reason is probably that DCB can act as a

radical chain transfer agent. Georges et al. (171) also reported that certain

additives can accelerate the BPO/TEMPO initiating reactions of styrene, and we

thus employed some of these agents. However, the effect in [BMIM]PF6 was very
limited as seen in Table B-4-3.

Table B-4-3. Polymerization characteristics (conversion, molecular weight

and polydispersity) for the polymerization of styrene by BPO/TEMPO in
[bmim]PF6 using various additives a.

End-group analysis revealed similar structures for polymers made by the

different methods but with the ratio of capping agent moiety (TEMPO) to initiator

moiety (benzoyl) higher in [BMIM]PF6 than that in bulk (Figure A-4-4). This
was expected since there were more chains initiated thermally in this ionic
liquids. There were no new peaks in
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P NMR reflecting degradation of

[BMIM]PF6 when BPO, TEMPO and [BMIM]PF6 were heated together for long

time at 135 °C. At 65 °C, TEMPO and [BMIM]PF6 can coexist in the reaction

system but there was some slow degradation of TEMPO in this ionic liquid (172).

The color of the reaction system turned darker after heating, this was also an

indication of degradation of TEMPO. 3 1 P NMR technique observed no residual of
anion (PF6-) in the polymer made in IL.

Figure A-4-4. 1 H NMR end-group analysis of NMP polymerized styrene in

[BMIM]PF6 and in bulk.

Even though BPO/TEMPO displays many of the fundamental aspects of

living character in the polymerization of styrene, these are not true living systems.
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While the concentration and reactivity of radicals at the propagating chain end
have been significantly reduced, termination is still not negligible. Hawker and
coworkers developed various unimolecular initiators, which can better control

polymerization (1 53). We thus used 2,2,5-trimethyl-3-(1-phenylethoxy)-4-phenyl3-azahexane (TMPPAH, Figure A-4-5) as a universal initiator and the results are

listed in Table B-4-4. Our results were not as good as those obtained by Hawker

et al. in bulk (1 53) but were better than those from the BPO/TEMPO system in

that higher yields of polymer were obtained. One assumption was made that the

partitioning of the bulky mediating radical in the ionic liquids is not as same as in
common organic solvents or in bulk. When the labile C-0 bond was broken at the

elevated temperature, the mediating radical was difficult to diffuse away from
propagating chain end and recombined with it before another monomer (styrene)

was added onto the chain end. Kinetically, free diffusion to or out of reaction cage

should be a facile process (173). This may also contribute to the observed

difference.

Figure A-4-5. Structure of 2,2,5-trimethyl-3-(1-phenylethoxy)-4-phenyl-3-

azahexane (TMPPAH).

Table B-4-4. Polymerization characteristics (conversion, molecular weight

and polydispersity) for the polymerization of styrene and MMA by TMPPAH in
[bmim]PF6a.

With both initiation systems, attempts to make block copolymer by one-pot

polymerization through sequential addition of monomers failed and only
homopolymer was formed, reflecting the presence of dead chain ends after the

formation of the first block. Note that residual first monomer was removed by

vacuum prior to adding the second monomer; this strategy was previously used

successfully to prepare block copolymers in ca. 50% yields by sequential
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polymerization of styrene and MMA in [BMIM]PF6 using conventional benzoyl
peroxide initiation (174).
Conclusions
The polymerization of styrene and MMA using BPO/TEMPO and 2,2,5trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane (TMPPAH) as initiators in
various solvents was studied. The overall results are not as good as those obtained
in bulk with regards to rate of polymerization, molecular weight control, and
polydispersity. Thus, our preliminary results failed to indicate kinetic or
mechanistic advantages to conducting nitroxide-mediated polymerizations m
RTILs. These results are surprising since prior work on conventional free radical
polymerization in RTILs indicated large increases in rate of polymerization and
molecular weight (158, 175), so we had anticipated that RTILs could serve as
"accelerants or promoters" in these polymerizations. The possible causes for the
observed non-living "nitroxide-mediated" polymerization nature were the slow
degradation of TEMPO in [BMIM]PF 6 at high temperature and difficulty in
diffusing of the mediating radical away from the propagating chain domain that it
was formerly covalently bonded to. Propagating chains were either initiated by
the generated free radicals from BPO or thermally initiated and the concentration
of reactivated chain ends was very low (�O). In all cases, the produced polymers
(polystyrenes) were not soluble in [BMIM]PF6 • Thus heterogeneous reaction
system (insolubility of polystyrene in [BMIM]PF6), difficulty in diffusion and
slow degradation of TEMPO in [BMIM]PF6 all contributed to slow propagation
rate and broad polydispersity of the synthesized polymers. Attempts to produce
block copolymers by sequential addition of monomers failed under conditions
used successfully for block copolymer formation in a RTIL using conventional
free radical polymerization ( 1 67). This also suggests that nitroxide mediated
polymerization by the presence of [BMIM]PF6 can not provide a living
polymerization mechanism.
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Chapter 5
A room temperature ionic liquid catalyzed redox polymerization of
methyl methacrylate at room temperature
This chapter is a lightly revised version of a manuscript by the same name
prepared for submission in 2004 by Hongwei Zhang, Jimmy W. Mays:
Zhang, H.; Mays, J. W. "A Room Temperature Ionic Liquid Catalyzed Redox
Polymerization of Methyl Methacrylate at Room Temperature. " 2004, for

submission.
My use of ''we" in this chapter refers to my co-authors and myself. My primary
contribution to this paper includes the experiment part and part of writing.
Introduction
Recently, the use of room temperature ionic liquids (RTILs) as a reaction
medium has attracted much attention from both academia and industry (176).
RTILs have many advantages over volatile organic compound solvents (VOCs)
and are considered as potential replacements. They are organic salts with low
melting points (in the vicinity of room temperature or lower) and possess useful
characteristics such as negligible vapor pressure, high air and thermal stability,
high ionic conductivity and large electrochemical windows, making them
environmentally preferable alternative solvents. Various polymerizations, such as
free radical (177), living/controlled free radical (ATRP and RAFT) (178),
electrochemical (179), condensation (180), ring-opening metathesis (181), block
(182) and statistical (183) co-polymerizations have been carried out in various
RTILs. In addition, the unique properties exhibited by these solvents can lead to
significant improvements of polymerization rate, and/or yield. In a recent
communication(l70), we described the large increases in both the rate of
polymerization and the molecular weights that were obtained in the
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polymerizations of methyl methacrylate (MMA) in RTILs as compared to those in
VOCs. Part of the dramatic increases could be attributed to the high viscosity of
the polymerization medium. Chain termination and possible chain transfer was
diminished in these viscous systems. Harrison et al ( 1 84) using the pulse laser
polymerization

(PLP)

technique

polymerized

MMA

m

1-butyl-3-

methylimidazolium hexafluorophosphate ([BMIM] [PF6]). They found that both
the propagation and termination rates were significantly affected by the presence
of high levels of [BMIM][PF6]. They attributed the increase of the propagation
rate to the increased polarity of the ionic liquid solution, which lowered the
activation energy of propagation through charge-transfer interactions. On the
other hand, the termination rate was decreased, probably due to the increased
viscosity of the polymerization medium.
For conventional free radical polymerizations using thermoinitiators such as
benzoyl peroxide (BPO) and azobisisobutyronitrile (AIBN), elevated reaction
temperatures (50° C-1 40° C depending on the choice of initiator) are inevitably
required in order to cause the decomposition of the initiator to form free radicals
(1 85) Some free radical polymerizations can be achieved at room temperature or
even lower by 6°Co y-radiation (1 86), UV radiation (1 87), Plasma-induced (1 88)
or redox initiation systems (1 89). Redox initiation is also referred to as redox
catalysis, or redox activation. Advantages of this method are the negligible

induction period and a lower activation energy (40-80 kJ/mol) and generally
fewer side reactions because of the lower reaction temperatures ( 1 82). Thus,
redox initiation has found wide application for initiating polymerization and has
been largely used in low-temperature emulsion polymerization and production of
biocompatible polymeric materials. Among redox initiator pairs used,
phosphoniums have been explored as catalysts or co-catalysts for redox
polymerization, together with peroxides and sometimes amines (1 90).
During our screening experiments on various RTILs intended for the use as
polymerization media, we discovered that one of the ionic liquids: trihexyl
tetradecyl-phosphonium

bis(2,4,4-trimethylpentyl)phosphinate
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([H3 TDP]

[(PM3 )2P]) (Figure A-5-1), caused MMA to polymerize at 25 ° C in the presence
of benzoyl peroxide. In polymerization, RTILs have been used mainly as inert
reaction media. While there are some redox initiators systems in which the
monomer itself acts as one component of the redox pair such as acrylamide or
methacrylic

acid with

thiosulfate

or methyl methacrylate with N,N

dimethylaniline ( 1 9 1 ), this is the first time that RTIL has been involved in the
initiation stage. In this communication, we present our result on this room
temperature ionic liquid catalyzed polymerization of methyl methacrylate at room
temperature through use of the RTIL-peroxide (BPO) redox initiator system.
Figure A-5-1. Structure of trihexyl-tetradecyl-phosphonium bis(2,4,4trimethylpentyl) phosphinate.
Experimental
Materials. MMA (Aldrich, 99%) was passed through an inhibitor-removal
column (Aldrich, disposable) and vacuum distilled just before use. Benzene
(Fisher, �99%) was stirred ove� concentrated sulphuric acid for more than 24
hours and distilled from freshly crushed calcium hydride. Benzoyl peroxide
(BPO) (Aldrich, 97%) and azobisisobutyronitrile (AIBN) (Aldrich, 97%) were
recrystallized from chloroform. Trihexyl(tetradecyl)-phosphonium chloride
([H3 TDP]Cl) (Aldrich), bis(2,4,4-trimethylpentyl) phosphinic acid (DIOPA)
(Fluka, 90%), and trihexyl-tetradecyl-phosphonium bis{2,4,4-trimethylpentyl)
phosphinate ([H3 TOP] [(PM3)2 P]) (Merck or synthesized according to the
reference ( 1 92) were used as received
Instrumentation. The SEC experiments were carried out at 30 °C using a
Polymer Laboratories Knauer 501 HPLC pump and Knauer 2301 RI detector.
Two PSS (Polymer Standard Service) columns were used (one 1 OOA and one
linear). The flow rate of the mobile phase (tetrahydrofuran) was 1 mL/min. The
1

H,

13

C and 3 1 P NMR spectra were recorded on a Bruker AMX 400 MHz NMR

spectrometer using CDCh or CD3 COCD3 as solvents and internal references.
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Differential Scanning Calorimetry (DSC) was carried out in the Polymer
Characterization Laboratory at the Chemistry Department (University of
Tennessee at Knoxville) under nitrogen using (scanning rate 10 °C min-1 )
Polymerizations. All polymerizations were performed under high vacuum to

ensure that the systems were oxygen free. The initiator, monomers and reaction
media were weighed into ampoules separately. After four cycles of freeze
vacuum-thaw, the ampoules were flame-sealed and left at room temperature for
the desired time. (Caution: Vacuuming procedure must be done quickly otherwise
the reaction system may solidify before the ampoules can be "cut off' from the
vacuum-line due to the on-going polymerization). The polymerizations were
stopped by precipitating the contents into methanol, washing with large amounts
of methanol, filtering and drying under high vacuum to constant weight.
Conversions were determined gravimetrically.
Results and Discussion
Polymerization of MMA in [H1TDPJ[(PM1)i/'J. When we first carried out the

polymerization, the viscosity of the reaction system was observed to markedly
increase after three cycles of freeze-vacuum-thaw and before the ampoule was
immersed into a water bath set at 70° C (the polymerization conditions we used for
screening the various RTILs as polymerization media). The approximate reaction
time was estimated at around 30 to 40 minuets. Repeated experiments gave
similar reaction behavior. In order to compare the results, parallel experiments
were run in benzene under the same conditions. In Table B-5-1, the molecular
weight (MW) of the obtained polymer (entry 2) in [H3 TDP][(PM3)2P] was three
times higher than that obtained in benzene (entry 1) under the same reaction
conditions but at 70 °C with higher yield. The molecular weight distribution
(MWD) is monomodal from GPC in Figure A-5-2. Three possible mechanisms
seems

feasible:

(1).

RTIL-initiated

polymerization

(2).

RTIL-catalyzed

polymerization or (3). RTIL-BPO/ redox system initiated polymerization.
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Figure A-5-2. SEC traces of PMMA (A) polymerized in benzene at 25 ° C for

0.5 hour, (B) polymerized in [H3 TDP][(PM3)2P] at 25 °C for 0.5 hour .
Table B-5-1. Characterization data of polymerization of methyl methacrylate

in [H3 TOP][(PM3 )2P] and benzene at various conditions. a
Without the addition of free radical initiators, there was no polymer formed
even at elevated temperature (entry 9, 10 and 11). From this result, it can be
concluded that [H3 TOP][(PM3 )2P] itself can not initiate the polymerization of
MMA. When using lower levels of [H3 TDP][(PM3 )2P] with BPO (entry 12, 13, 14
and 15), reactions failed to yield any polymer. Therefore, the RTIL-initiated and
RTIL-catalyzed polymerization mechanisms were excluded. If BPO was changed
to AIBN (entry 8), there was only trace polymer generated. From this point of
view, BPO and AIBN both played a role in this room temperature polymerization
of MMA in [H3 TDP][(PM3)2P] with AIBN having low initiation efficiency.
The real polymerization mechanism is intriguing. Investigation of kinetics was
carried out in this ionic liquid (entry 2, 3, 4 and 5). Polymer yields were
proportional to the reaction time. MWDs became broader and reactions were
actually stopped even after extended time due to the increased viscosity of the
reaction system (the system became a gel). Consistent with the theory of
conventional free radical polymerization is the observation that by varying the
MMA/BPO ratios (entry 5, 6 and 7), the MWs were decreased with the increased
amount of BPO while keeping the concentrations of other components fixed.
Unfortunately, the attempts to make low MW polymers all failed because of the
limited solubility of BPO in [H3 TDP][(PM3 )2P] and MMA. All formed polymers
had similar solubility behavior as those made in VOCs, typical of good solvents
.

are THF, acetone, chloroform, acetonitrile, benzene and toluene.
DSC and 1 3 C NMR Characterization ofPolymers in [H3 TDP]l(PM3)i]>J. The
DSC traces gave similar glass transition temperatures at similiar molecular
weights (Figure A-5-3). It is well known that the chemical shifts of carbonyl
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groups in PMMA are very sensitive to tacticity. Figure A-5-4 shows the

1 3C

NMR spectra of carbonyl regions (-l 78ppm) in PMMA obtained by different
methods. The tacticity of PMMA prepared in [H 3TDP] [(PM3 )2P] was essentially
equivalent to that in benzene. Our characterization data provide additional proof
for a conventional free radical polymerization mechanism.
Figure A-5-3. DSC traces of PMMA in bulk (Mw=400K) and in

[H3TDP] [(PM3) 2P] (Mw=332K).
Figure A-5-4. 1 3 C NMR spectra of carbonyl region of PMMAs (A) in

[H 3TDP][(PM3)2P] and (B) in benzene.
Possible role of impurities in /H3 TDPJl(PM3)2PJ. In the literature, the

synthesis of [H3 TDP] [(PM3 )2P] starts from two components: trihexyl(tetradecyl)
phosphonium

chloride

([H3TDP]Cl)

(Figure

A-5-5)

and

bis(2,4,4-

trimethylpentyl) phosphinic acid (DIOPA) (Figure A-5-6). 17 The purification of
the

synthesized

[H3 TDP][(PM3 )2P]

left

3%

impurities

of bis(2,4,4-

trimethylpentyl)-phosphinic acid, mono(2,4,4-trimethylpentyl)-phosphinic acid
and other phosphine oxides. 17 This was also verified by 3 1 P NMR technique
(Figure A-5- 7). First, we thought that these impurities might play a role in this

polymerization behavior since phosphinic acids are extensively used as reducing
agents in the electroplating industry together with peroxide, ozone, permanganate
acid or perchloric acid as oxidizing agents (1 93). [H 3 TDP]Cl itself is a RTIL and
free radical polymerization of MMA in it at 70 °C for ½ hour yielded trace
amount of polymer (Table B-5-2). Usually, DIOPA was used in excess during
synthesis so there was no residual [H3 TDP]Cl left in the [H3TDP][(PM3 )2P] .
When using DIOPA in amounts ranging from initiator levels to solvent levels,
together with free radical initiator BPO in the parallel experiments, all
polymerizations of MMA produced very low yields with molecular weights
ranging from 200,000 to 800,000 (Table B-5-3). The possibility of self56

polymerization of MMA at room temperature cannot be ruled out. Furthermore,
bubbles were observed during the reaction ( entry 2-7). Due to the stringent
degassing procedure adopted for anionic polymerization by high-vacuum
vacuum-line in our lab, these were presumably carbon dioxide (CO2) formed in
situ from decomposition of BPO.
Figure A-5-5. Chemical structure of trihexyl(tetradecyl)-phosphonium

chloride ([H3 TDP]Cl).
Figure A-5-6. Synthesis scheme of [H3 TDP][(PM3)2P].
Table B-5-2. Characterization data of polymerization of methyl methacrylate

in [H3TDP]Cl and benzene.
Table B-5-3. Polymerization data of MMA using DIOPA in amounts from

initiators level to solvent level.
Figure A-5-7. 3 1 P NMR spectra of [H3 TDP][(PM3)2P] or DIOPA.

Phosphonium ions have long been used as a catalyst or co-catalyst combined
with peroxides in redox-initiated polymerization.1 5 In order to get insight into
what really caused the polymerization, we used NMR spectroscopy to in-situ
monitor the sample which only had [H3 TDP][(PM3)2P] and BPO with acetone-<4i

as solvent in a NMR tube.(Figure A-5-8). As time passed, the cation peak
(28.4ppm) gradually shifted downfield toward the anion peak (34.7ppm) and
became broad. Finally, it overlapped with the peak of the anion. The relative peak
intensity and peak position of all other impurities (45.1, 43.2 and 38.7ppm) weret
unchanged.
Figure A-5-8. In-situ 3 1 P NMR monitoring of [H3 TDP][(PM3)2P] and BPO.
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From the above experiments, the most likely reactfon mechanism is proposed
as a [H3TDP] [(PM3 )2P]-BPO redox initiation system initiated polymerization with
BPO as oxidant and [H3 TDP][(PM3 )2P] as reductant (Figure A-5-9). The cation
of [H3TDP] [(PM3 )2P] reacts with BPO to produce initiating radicals which start
polymerization. This mechanism also explains the lower initiation efficiency of
AIBN compared to BPO since BPO is a stronger oxidizing agent than AIBN.
Hong et al. 2 proposed a "diffusion-controlled termination" mechanism to explain
the combination of high molecular weight product and fast polymerization in
RTIL systems. [H3 TDP] [(PM3 )2P] is a very viscous RTIL. The propagating chain
ends can thus have difficulty in finding free radicals or other growing chain ends
to terminate when solvent level amounts of [H3TDP] [(PM3 )2P] were employed. If
RTIL is used in a smaller amount, the formed radicals may terminate through
various termination mechanisms (transferred to solvent, initiator or monomer)
before initiating propagating chains. The steric effects caused by the long bulky
alkyl groups on both ions created "ion cavities" which most likely enhance the
reducing nature of the cation of [H3 TDP] [ (PM3 )2P] and promote this redox
reaction by trapping BPO inside these cavities". Similar behaviors have not been
observed in other phosphonium ionic liquids such as [H3 TDP]Cl (1 94). Chloride
in [H3 TDP]Cl is a small anion and closely associates with the giant cation and
thus it is unlikely that thas kind of cavity is formed.
Figure A-5-9. Proposed mechanism of redox reaction between cation of

[H3 TDP] [(PM3 )2P] and BPO.
Conclusions

Polymerization of MMA was carried out in a room temperature ionic liquid:
[H3TDP] [(PM3)2P] at room temperature. The cation of [H3 TDP] [(PM3)2P]
combined with free radical initiators to form redox initiation systems. Free
radicals produced by this redox pair efficiently initiate polymerizationsat room
temperature in a conventional free radical polymerization mechanism. The
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reaction was faster as compared to that in benzene under similar conditions but at

70°C with higher molecular weight polymer being formed. This is a first report of

RTIL involved as part of initiation system and this opens a new route to produce

polymer at lower cost due to the improved energy efficiency and with less

environmental pollution (Non-volatile RTIL maybe be recycled).
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Chapter 6
Synthesis ofblock copolymers of styrene and methyl methacrylate by
conventional free radical polymerization in room temperature ionic
liquids
This chapter is a lightly revised version of a paper by the same name published in
the journal Macromolecules in 2002 by Hongwei Zhang, Kunlun Hong, and
Jimmy W. Mays:
Zhang, H. ; Hong K.; Mays, J. W. "Synthesis of Block Copolymers of Styrene and
Methyl Methacrylate by Conventional Free Radical Polymerization in Room
Temperature Ionic Liquids." Macromolecules 2002, 35, 5738.

My use of ''we" in this chapter refers to my co-authors and myself. My primary
contribution to this paper includes the experiment part except fractionation
precipitation.
Introduction

Well-defined

block

copolymers

from

conventional

free

radical

polymerizations evince great interest because of the robust, economical processes
and wide selections of monomers (195). There exist several reports of block
copolymer preparation through macroradical approaches. These include the
syntheses of polystyrene-b-poly(ethylene oxide) (PS-b-PEO) (196), polystyrene
b-poly(methyl methacrylate) (PS-b-PMMA) ( 197), and poly(acrylonitrile )-b
poly(ethylene glycol)-b-poly(acrylonitrile) (PAN-b-PEG-b-PAN) (198). All these
processes require post-polymerization reactions to activate the "protected" radical
initiator. Seymour et al. reported high levels of block copolymer formation when
macroradicals were produced in viscous poor solvents, e.g., silicone oils (199).
More recently, Hadjichristidis et al. prepared block terpolymers of N-methyl
methacrylamide (NMeMA) with styrene and isoprene (PNMeMA-b-PS-b-PI and
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PNMeMA-b-PI-b-PS) by heterogeneous radical polymerization in benzene (200).

They took advantage of the poor solubility of PNMeMA in benzene, where

precipitation of growing polymer chains · prolongs the lifetime of the radical

propagation centers. However, Gilbert and co-workers have argued against the

trapped radical mechanism, suggesting that residual primary radicals could result
in a mixture of graft and statistical copolymers being formed (201).

Free radical polymerizations are typically done in volatile organic solvents,

which have been blamed for the increasing air pollution. Room-temperature ionic

liquids (RTILs) have emerged as potential replacements for volatile organic
solvents, and over the past several years the number of studies on RTILs as

reaction media has increased markedly (202). The use of RTILs as polymerization

solvents has also started to be explored. Carlin and co-workers (203) found the
combination of TiC14 and AlEtCh in AlCh-ImCl to be catalytically active for

ethylene polymerization in an AlCh-1-ethyl-3-methylimidazolium chloride

(ImCl) melt. Using Cp2TiCh instead of TiC14, higher yields of polyethylene were

achieved (204). Those authors also produced a new electroactive material by
electrochemical oxidation of triphenylsilyl chloride (Ph3 SiCl) in the acidic ionic

liquid (AlCh-ImCl) (205). Polymerization of benzene electrochemically in ionic
liquids to prepare poly(p-phenylene) has also been reported (206). In all these
studies, ionic liquids were used mainly as convenient electrolytes. However, one

of the major drawbacks of chloroaluminate(III) based ionic liquids is that they are

water-sensitive. Quite recently, Haddleton et al. (207) used 1-butyl-3methylimidazolium hexafluorophosphate ([BMIM]PF6), an air and water-stable

RTIL, as solvent for the copper(!) N-propyl-2-pyridylmethanimine mediated
"living" radical polymerization of methyl methacrylate (MMA). They found that

the

rate

of polymerization was

enhanced in

comparison

to

other

polar/coordinating solvents. Moreover, the polymerization product was made

copper free by a simple solvent wash, which avoids the contamination of the

polymer product by the catalyst. Other atom transfer radical polymerizations in
RTILs have recently been reported (208).

61

In this paper, we report the synthesis of PS-b-PMMA via conventional free
radical polymerization using benzoyl peroxide (BPO) and sequential monomer
addition in [C4mim]PF6 • The polymerizations were monitored by size exclusion
chromatography (SEC). The raw products of the copolymerization were freed of
homopolymer by extraction using selective solvents for PS and PMMA. The
purified block copolymers were characterized by NMR spectroscopy, differential
scanning calorimetry (DSC) and fractional precipitation.
Experimental Section
Materials. Styrene (Aldrich, 99%), MMA (Aldrich, 99%) were distilled to

remove inhibitors and stored in calibrated ampules. [BMIM]PF6 (provided by
Sachem Inc. or made at the University of Alabama) was washed with pure water
five times. Toluene (Fisher, �99.5%) and methanol (Fisher, �99.8%) were used as
received. BPO (Aldrich, 97%) was recrystallized from methanol and dried under
vacuum.
Instrumentation. SEC was used to measure molecular weights and molecular

weight distributions, MwlMn, with respect to polystyrene (PS) standards (Pressure
Chemical Co.). The SEC experiments were carried out at 30 °C in THF using a
Waters 510 pump and a Waters 410 differential refractometer as detector (flow
rate: 1 mUmin, columns: Polymer Standards Service; one 100 A and one 5 µm
linear column in series). 1 H NMR spectra of the polymers were obtained on a
Bruker ARX-400 spectrometer at room temperature. Sample concentrations were
about 10-25% (w/v) in CDCb. TMS (0 ppm) was used as an internal reference.
DSC (Mettler-Toledo model: DSC 30) was used to determine the glass transition
temperatures (Tg) at a heating rate of 10 °C/min. Fractional precipitations were
done using toluene as solvent and methanol as nonsolvent according to the
literature.
Polymerization. All polymerizations were done under high vacuum (<10-6

mmHg) to ensure that the systems were oxygen free. After charging the desired
amounts of initiator (BPO) and solvent ([BMIM]PF6) into a round-bottom flask
62

with a constriction, the system was degassed by pumping on the vacuum line for 2

h and a predetermined quantity of monomer (styrene, MMA) was then distilled

into the reactor. The flask was removed from the vacuum line by heat-sealing at

the constriction and placed in a preheated water bath at 70 °C. The polymerization

was allowed to continue for about 4 h. After taking about 5 mL of solution for

sampling, the unreacted monomer was pumped away on the vacuum line at room

temperature. A predetermined quantity of the second monomer (MMA) was then

distilled into the system, and the reaction was kept at room temperature for 4 to 6

days. The polymers were isolated by washing with methanol ([BMIM]PF 6 is
soluble in methanol) and drying under vacuum.

Results and Discussion

The basic approach to preparing PS-b-PMMA is as follows:
PO 1
styrene l�tm'lln
� ��· II pg•
+ styrene (t)
(I)

I + MMA · ff>0lll temp PS-b-PMMA
Styrene was polymerized first in [BMIM]PF6 at 70 °C with BPO as the

initiator for about 4 h. The polymerization was cooled to room temperature and
unreacted monomer (styrene) was pumped away under high vacuum (<10-6

mmHg). A small aliquot (--5 mL) was taken to characterize the PS block. When

the elimination of the styrene was completed, as indicated by the recovery of the
initial vacuum, the desired amount of purified MMA (the second monomer) was

then introduced by distillation through the vacuum line. The reactor was sealed

off and kept at room temperature for 4 days. The use of a longer reaction time and
lower temperature was chosen to minimize the effect of residual BPO, whose

existence cannot be overlooked after 4 h at 70 °C, on the products. Even though

radical generation by thermal decomposition of residual BPO would be expected

to be negligible (see below), it is still possible for polymeric radicals to transfer to

initiator, which in turn would yield homopolymer of the second monomer. The
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polymerization of MMA was diffusion-controlled and very fast (209). The crude
block copolymer was then extracted with cyclohexane to remove PS and with
acetonitrile to remove PMMA homopolymers, and the results are summarized in
Table B-6-1 .
Table B-6-1 . Characteristics of Preparation of PS-b-PMMA for BPO at 70°C

in [BMIM]PF 6 ·
The success of this approach depends on the poor solubility of PS in
[BMIM]PF 6 • The precipitation of PS from the medium hinders diffusion of the
propagating radical centers, which must find one another to terminate, and thus
increases their lifetimes (210). When a second monomer that is miscible with the
polymer dispersion is added, it diffuses to radical sites, polymerization continues,
and block copolymer is formed. The appropriate choice of temperatures and
reaction times during polymerization of the two blocks 1s very important.
Typically one should utilize higher temperatures and shorter times for
polymerization of the first block relative to the second block. The higher
temperature during formation of the first block promotes relatively rapid radical
formation with initiators like BPO. The use of a much lower temperature during
polymerization of the second monomer minimizes generation of new free radicals
that would lead to homopolymer contaminants derived from homopolymerization
of the second monomer by newly created radicals. Although Gilbert and co
workers' controlled experiments raised doubts about the trapped macroradical
mechanism (88). Our results indicate, as will be discussed in the next section, that
PS-b-PMMA is the major product. However, we cannot exclude the possibility of
formation of PS with grafted PMMA side chains (PS-g-PMMA) via a chain
transfer to polymer mechanism. The attempts to make PMMA-b-PS copolymers
under the same condition were less successful because PMMA has better
solubility in [BMIM]PF 6 (211).
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Figure A-6-1 shows the SEC traces for the block copolymerization of styrene

and MMA (styrene was polymerized first). Although there is unavoidably PS

homopolymer present in the un-extracted ("raw") block copolymers, the product

is mostly block copolymer. It should be noted that the actual amount of PS
homopolymer by mass (SEC is a mass detector, i.e., the RI response is

proportional to molecular weight) is exaggerated in Figure A-6-1 because the

dn/dc value for PS in THF (dn/dcps

=

0.189) is higher than that for PMMA

(dn/depMMA = 0.089) (212). Cyclohexane (solvent for PS and nonsolvent for
PMMA) was used to remove PS homopolymer and the results are summarized in

Table 1. Attempts to extract the block copolymers using acetonitrile (solvent for
PMMA and nonsolvent for PS) failed to recover any polymer, which indicts that

there is negligible PMMA homopolymer present. This is not surprising since the

rate of decomposition of any residual BPO to generate free radicals is essentially
zero at room temperature. The half-life of BPO (t1 12) at 25 °C is more than 45 000

h as calculated from the Arrhenius equation (Kd = A exp(-EalRT) and the initiation
rate equation (t1 12

A = 9.34

x

=

In 2/Kd), with Ea = 139.0 kJ mor1 , R = 8.314 J mor 1 K- 1 , and

10 1 5 s· 1 (213). When the feed ratio of styrene to MMA is 1:3 (Sl M3 in

Table 1), a small low molecular weight peak (Mn -- 4 kg/mol) appeared in the SEC

traces of raw copolymer and the cyclohexanes-extracted product. This peak is not

present after extraction with acetonitrile, which indicates that it is PMMA

homopolymer from thermoinduced polymerization or induced decomposition of
BPO. The monomodal nature of the SEC trace of extracted crude polymer
indicates, to a certain extent, the homogeneity of the final block copolymers. The

polymers were further characterized by using DSC and fractional precipitation.

Figure A-6-1 SEC traces of (a) PS block from BPO in [BMIM]PF6, (b) PS-b

PMMA before extraction, and (c) PS-b-PMMA (S3Ml in Table 1) after extracting
with cyclohexane and acetonitrile.
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Figure A-6-2 shows the DSC traces for a PS-b-PMMA along with PS and

PMMA homopolymers (all the three polymers have similar molecular weights). It

is expected that there should be two distinct glass transitions (Tg) corresponding to
PS and PMMA blocks, whereas a random copolymer should exhibit a single

intermediate Tg, Unfortunately, the Tgs for PS and PMMA blocks are too close to
be separated. 1 H NMR spectra, as shown in Figure A-6-3, clearly demonstrate

that the polymers are not of a random nature since resonances that would indicate
a styrene unit next to a methyl methacrylate unit are not detected. Fractional

precipitation was used to further verify the formation of the block copolymers,

since it provides definite evidence for the formation of block copolymers. 4 Figure

A-6-4 shows

the fractional precipitation curves, obtained using the

toluene/methanol system, for SlMl (polymer 2 in Table B-6-1) and PMMA and

PS homopolymers. Even though toluene is a good solvent and methanol is a

nonsolvent for both PS and PMMA, their different solubility parameters result in
different precipitation behavior as indicated in the positions of the precipitation
curves. It is very important to notice that many factors, such as molecular weight,

molecular weight distributions, microstructures, and temperature, control the

precipitation behavior of a polymer (214). Nevertheless, Figure 4 clearly shows

that the precipitation curve for the extracted polymer is located between those of
PS and PMMA, which further demonstrates the successful synthesis of block

styrene and MMA copolymers. As mentioned early, it also is possible to produce

PS-g-PMMA during this process. The final product could be PS-b-PMMA or PS

g-PMMA or their mixtures. Unfortunately, the characterization methods used
above could not distinguish between PS-b-PMMA and PS-g-PMMA. A detailed

study of these polymers using SEC equipped with a multiangle laser light
scattering detector (SEC-MALLS), which will shed light on the architecture of the
products, is in progress, and the results will be reported separately.
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Figure A-6-2. DSC traces of (A) PS from BPO in [BMIM]PF6, (b) PMMA from

BPO in [BMIM]PF6, and (c) PS-b-PMMA after extracting with cyclohexane and
acetonitrile.
Figure A-6-3. 1 H NMR spectra of (a) P(ST-r-MMA) and (b) PST-b-PMMA made

from BPO in [BMIM]PF6.
Figure A-6-4. Fractional precipitations of (a) PS, (b) PMMA, and (c) PS-b

PMMA (SIMI in Table B-6-1). Solvent: toluene. Nonsolvent: methanol.
Conclusions

Block copolymers of styrene and MMA have been made by sequential
addition of the monomers in the room-temperature ionic liquid [BMIM]PF6 using
BPO as the initiator. The polymers could be easily separated from the reaction
medium gravimetrically, followed by washing with methanol, because of their
poor solubility in [BMIM]PF6. The polymerization products were characterized
by SEC, NMR, and DSC. Fractional precipitation experiments provide definite
evidence of the formation of PS-b-PMMA block copolymers.
Acknowledgment

We thank Dr. Robin Rogers and Ann Visser of the University of Alabama and
Roger Moulton of Sachem Inc. for providing ionic liquids. We also thank the
National Science Foundation for funding through Grant CTS-0086874.

67

Chapter 7
Statistical radical copolymerization of styrene and methyl
methacrylate in a room temperature ionic liquid
This chapter is a lightly revised version of a paper by the same name published in
the journal Chemical Communications in 2003 by Hongwei Zhang, Kunlun Hong,
Michael Jablonsky, Jimmy W. Mays:

Zhang, H.; Hong, K.; Jablonsky, M.; Mays, J. W. "Statistical radical
copolymerization ofstyrene and methyl methacrylate in a room temperature ionic
liquid." Chem. Commun. 2003, 1 356.

My use of ''we" in this chapter refers to my co-authors and myself. My primary
contribution to this paper includes the experiment part except 2-D HMQC NMR
and part of writing.

Abstract

Use of a room temperature ionic liquid as the medium for conventional free

radical copolymerization of styrene and methyl methacrylate resulted in reactivity

ratios that were significantly different from those obtained in conventional

organic solvents or in bulk, demonstrating that polymerization in this alternative

medium offers potential to create copolymers having new monomer sequences.

The compositions and microstructures of copolymers produced by statistical

free radical copolymerization have been shown to be sensitive to the solvent

utilized during polymerization (2 1 5). Ito and Otsu first described the solvent

effect on copolymerization of styrene (ST) and methyl methacrylate (MMA) in
1969 (21 6).

Since then many reports detailing solvents effects on

copolymerization have been published. In general, the influence of solvents on
copolymerization reactivity ratios is strongly dependent on the nature of the
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monomers and solvents involved. Although numerous explanations of the
observed phenomena have been given ( 118, 217), the most satisfying one is
embodied in the so-called "bootstrap" model (218). The nature of the solvent can
also affect free-radical copolymerization reactions through polarity effects,
radical-solvent complexes, or monomer-solvent complexes (118, 219, 220, 221,
222).
Room temperature ionic liquids {RTILs) have received increasing attention as
environmentally preferable alternative solvents because of their extremely low
vapor pressures. Based on this promise, RTILs have been explored as reaction
media in various organic transformations (223, 224). In addition, the unique
properties exhibited by RTILs (ionic, non-coordinating, etc.) can lead to
significant improvements in the rate, yield and/or selectivity of reactions (225).
The use of RTILs as a polymerization medium has also recently attracted
considerable

interest

{1 29-136).

Conventional

or

controlled

radical

polymerizations of ST (226), MMA (1 29, 227, 228, 229), and acrylates (230),
have been carried out in various RTILs. Recent papers describe atom-transfer
radical copolymerizations of N-hexylmaleimide with ST (231) and of butyl
acrylate with methyl acrylate (232) as well as block copolymers of ST with MMA
using a trapped radicals approach (233). Here we report the first study of
statistical

copolymerization

hexafluorophosphophate

m

([BMIM]PF6)

usmg

1-butyl-3-methylimidazolium
conventional

free

radical

polymerization.
Copolymerizations of ST and MMA were carried out in [BMIM]PF6 using
azobisisobutyronitrile (AIBN) or benzoyl peroxide (BPO) as initiator. The
experimental data are summarized in Table B-7-1 . Reactivity ratios were
calculated from copolymer composition data by using a conventional linear least
square regression method (Kelen-Tiidos) (234) or a non-linear regression
approach, the CONTOUR program of van Herk (235) with the assumption that
the kinetics model is terminal. The low conversions allowed us to calculate
reactivity ratios using the Kelen-Tiidos method that were essentially identical to
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those obtained via the non-linear regression method, as discussed below and
summarized in Table B-7-2.
Table B-7-1 . Copolymerization data for the system styrene-methyl

methacrylate in [BMIM]PF6°.
Table B-7-2. Reactivity ratios for styrene-methyl methacrylate at different

temperatures in benzene, in bulk, and in [BMIM]PF 6·
Control measurements on the copolymerization of ST and MMA in benzene
were done, and the reactivity ratios were calculated based on the copolymer
composition obtained from 1 H-NMR (Table B-7-2). If the peaks at 8 = 2.5-3.7
ppm (methoxy proton from MMA) were used to calculate the compositions, the
resulting reactivity ratios were quite different from the literature values. 2-D
DEPT-HMQC and 2-D NOESY experiments revealed that the peaks of MMA
methoxy proton signal (8 = 2.1-3.7 ppm) overlapped with the ST methine proton
signal (8 = 1.5-2.5 ppm) due to spatial proximity of methoxy to ST phenyl group.
However, the MMA a-methyl proton signal (8 = 0.1-1.0 ppm) was completely
separated from other backbone proton signals and can thus be used as the
integration peak for MMA composition (Figure A-7-1). The peaks at 8 = 6.2-7.2
ppm (aromatic proton from ST) were used to calculate the compositions of the
copolymers.
Figure A-7-1 . Typical 1 H-NMR spectrum of styrene-methyl methacrylate

random copolymer (Fs= 0.509).
When [BMIM]PF 6 was used as the polymerization medium, the molecular
weights and conversions of copolymers decreased as the feed ratio of ST ifs)
increased. This agrees with our previous finding that the molecular weight and
conversion of homopolymerization of MMA in [BMIM]PF6 were higher than
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those of ST (129). The terminal model was also fitted to the composition data and
the following reactivity ratios were obatined: rsr = 0.390 and 'MMA = 0.4 70 by the
Kelen-Tildos method (linear regression) and rsr = 0.381 ± 0.02 and 'MMA = 0.464
± 0.02 by employing the CONTOUR program (non-linear regression). These
results are different from those typically obtained from copolymerizations in
ordinary organic solvents or in bulk, in that 'MMA > rsr- For comparisons sake, of
the forty entries for the ST-MMA pair in the Polymer Handbook (236), only five
show

rMMA

values appreciably larger than rsr- Many factors could contribute to

these differences in reactivity ratios.
The ST-MMA system has been intensively explored and the reactivity ratios
for their copolymerization in various solvents and in bulk are available (139, 237).
Monomer reactivity ratios are generally but not always independent of the
reaction medium. The dipole moment of the solvent, interactions between solvent
and monomers (e.g. solvent-monomer complexes), viscosity and system
heterogeneity are all found to have some effect on reactivity ratios. Johnson et al.
(238) stated that copolymers made in bulk are richer in MMA than those generated

in benzene because of system viscosity. Fernandez-Garcia et al. 1 compared
reactivity ratios of ST-MMA (and ST-butyl acrylate) in different solvents, and
concluded that the relative reactivity of styrene decreases whereas the reactivity
of MMA increases with increasing polarity of the solvent. [BMIM]PF6 is an ionic
solvent of polarity similar to methanol, while the permanent dipole moment for
benzene is zero. The "bootstrap" effect may arise from these polarity differences.
In addition, the viscosity of [BMIM]PF6 is much higher than for conventional
organic solvents. Both of these effects could contribute to the observed relative
increase in rMMA relative to rsr- Though PF6- is a poor hydrogen-bond acceptor
(239), it has been proposed that [BMIM]PF6 or its components could form
complexes with the monomers and/or radical centers (240). Polystyrene is not
soluble in [BMIM]PF6 and this RTIL appears to be a marginal solvent for PMMA
(a single glass transition is observed for PMMA prepared in [BMIM]PF6 and
retaining this RTIL as a plasticizer; however preformed high molecular weight
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PMMA does not dissolve readily in [BMIM]PF6). These additional factors also
possibly contribute to differences in the reactivity ratios as compared to those in
organic solvents. Regardless of their physical origin, however, the differences in
reactivity ratios observed in RTILs offer polymer chemists the opportunity to
create materials having monomer sequences not readily accessible in conventional
organic solvents.
In summary, copolymerizations of ST and MMA were carried out in
[BMIM]PF6, and reactivity ratios were calculated by linear and non-linear
regression methods. Differences were observed between monomer reactivity
ratios in a conventional organic solvent and in [BMIM]PF6, specifically

rMMA

>

rsT, offering potential to produce copolymers with novel monomer sequences,
while retaining other advantages inherent to polymerization in ionic liquids (1 29).
This research was supported in part by the National Science Foundation
(Grant CTS0086874) and in part by the Division of Material Sciences and
Engineering, Office of Basic Energy Sciences, U. S. Department of Energy, under
contract No. DE-AC05-00OR22725 with Oak Ridge National Laboratory,
managed and operated by UT-Battelle, LLC. We thank Dr. A. M. van Herk for
generously sharing his CONTOUR program with us.
Footnote

t Polymerizations were performed as follows: monomer pairs (1.0 g, 20% v/v) at

the different feed ratios (10-90%) were weighed into ampoules. Initiator (20.0
mg, 2% w/v monomer): BPO or AIBN, and 4 mL (80%) of reaction medium:
benzene or [BMIM]PF6 were added into ampoules separately. After five cycles of
freeze-vacuum-thaw, the ampoules were flame-sealed and kept in a water bath at
70 °C for BPO or at 60 °C for AIBN initiated polymerizations. Reaction times
were limited to ½ hour for [BMIM]PF6 and 2 hours for benzene solution
polymerization respectively in order to keep conversions as low as possible,
minimizing composition drift. Polymerizations were stopped by precipitation into
methanol, washing with large amounts of methanol, filtering, and drying under
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high vacuum to constant weight. Conversion was determined gravimetrically. The
SEC (size exclusion chromatography) experiments were carried out in THF at 30
°༱C using a Waters 5 1 0 pump and Waters 410 differential reflector detector and
Linear UV-vis 205 Absorbance detector (flow rate: l mL min-1 , columns: Waters
100

A, 500 A, 103A, 104A,

1 05A) with toluene as internal standard. 1 H-NMR

spectra were obtained on a Bruker ARX-300 spectrometer at room temperature. 2D NMR spectra were recorded on a Bruker ARX 400 spectrometer at room
temperature at concentrations 10-25% (w/v) in CDCh; TMS was the internal
reference.
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Conclusions
Conventional free radical polymerizations of styrene and methyl methacrylate
were carried out in various room temperature ionic liquids. In most cases, the
polymerizations are faster and produce higher molecular weight polymers. The
possible reasons for this behavior are the high polarity and viscous nature of
RTILs. The RTILs employed in my research covered a wide range of anions and
cations: typical cations include imidazolium, phosphonium, pyridinium, and
pyrrolidinium; typical anions include amide, borate, chloride, imide, phosphate,
and phosphinate. The polarity of molecular solvents is a complex of many
interactions including: H-bonding, p-interaction or van der Waals forces. In
RTILs, it is even more complicated since both cations and anions may exhibit
their own distinct interactions. The fluorescence probe in this research: Nile red is
a positively solvatochromic dye. It preferentially interacts with anions of RTILs.
Therefore, the apparent polarities deduced maybe not reflect the real values.
Recent results have suggested, although not conclusively, that there is no obvious
correlation between these characteristics of the RTILs and polymerization
behavior of MA and St. More work is needed before final conclusions can be
made. Every year, evaporation of volatile organic compound solvents into the
atmosphere increases air pollution. RTILs provide an alternative way to make
polymer in a more and more environmental friendly way due to the negligible
vapor pressure, which can help reduce the amount of volatile solvents used to
make polymers.
Nitroxide-mediated polymerizations of St and MMA was tried in [BMIM]PF6
by using two different initiation systems: BPO/TEMPO and 2,2,5-trimethyl-3-(l 
phenylethoxy)-4-phenyl-3-azahexane (TMPPAH). The polymerizations are not
living/controlled. The possible causes are the slow degradation of TEMPO in
[BMIM]PF6 at high temperature and difficulty in diffusion of the mediating
radical away from the propagating chain that it was formerly covalently bonded
to. In all cases, the produced polymers (polystyrenes) were not soluble in
[BMIM]PF6. Thus heterogeneous reaction system (insolubility of polystyrene in
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[BMIM]PF6), difficulty in diffusion and slow degradation of TEMPO in
[BMIM]PF6 all contributed to slow propagation rate and broad polydispersity of
the synthesized polymers. Attempts to produce block copolymers by sequential
addition of monomers failed too.
Redox initiation system initiated polymerization of MMA is carried out in a
room temperature ionic liquid: [H3 TDP] [(PM3 )2P] at room temperature. The
cation of [H3 TDP] [(PM3 )2P] (oxidant) react with free radical initiators (reductant)
to form redox initiation systems. Free radicals produced by this redox pair
efficiently initiate polymerizations of MMA at room temperature and the reaction
is faster as compared to that in benzene under similar conditions (but at 70 ° C)
with higher molecular weight polymer being formed. This opens a new route to
produce polymer at lower cost due to the improved energy efficiency and with
less environmental pollution (non-volatile RTIL may be recycled).
Furthermore, by sequential addition of the monomers (St first, then MMA) in
the room-temperature ionic liquid [BMIM]PF6 using BPO as the initiator, Block
copolymers of styrene and MMA were made by a conventional free radical
polymerization mechanism. The calculated apparent reactivity ratios of MMA and
St are significant different from those in common organic solvents such as
benzene when statistical polymerizations are carried out in RTIL. The statistical
copolymers with different monomer sequence distribution can be made in RTILs,
as compared to those obtained in common organic solvents.
Pulse laser polymerization - size exclusion chromatography {PLP--SEC) is
an IUPAC recommended method to measure the propagation rate of free radical
polymerization. Various RTILs have been tried to carry out the free radical
polymerization of MMA and St using them as reaction media. In every case, there
is an observation of higher reaction rate and higher molecular weight product. It
will be very interesting to measure the propagation rates of polymerization in
those RTILs at different reaction temperatures. Prof. Bin Hu in Materials Science
and Engineering Department at the University of Tennessee has the pulse laser
instrument for polymerization part. The set-up is simple and straightforward.
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By far, every kind of living polymerization in RTILs (free radical, ring
opening and cationic polymerizations) has been successfully reported except
anionic polymerization. The traditional purification procedures for anionic
polymerization are generally taking advantages of the volatility of monomers and
solvent so that they can be vacuum transferred back and forth on the vacuum line
to leave all the impurities behind. Since RTILs are all non-volatile, it is unlikely
that they can be purified by this way. Prof. Jimmy Mays suggests that sodium
mirror be a good scavenger for the residue moisture and other impurities after first
purification procedure (washing using other solvents and vacuum drying). Sodium
can react with the residue moisture and absorb all other impurities in RTILs.
RTILs can be filtered or just simply transferred to another reactor. Then, anionic
polymerization can be initiated by adding monomer (MMA), initiator and
terminating agent.
Yao et al reported an ionic liquid-tagged Grubbs catalyst for ring closing
metathesis organic reaction. They found that this catalyst show high selectivity
and recyclability. The possible reason is suggested as the different partitions of
the Ru catalyst in RTILs with or without ionic liquid tag. We are wondering
whether or not this same catalyst can make a difference in the ring-opening
metathesis polymerization. Dr. Yao agrees to provide the cooperation by suppling
this catalyst.
There are several companies around the world which supply the RTILs
commercially: Acros Organic (http://www.acros.be/), Chemada (http://www.
chemada.com/cat l/default.asp?categ=I),
covalentassociates.com/Contact_us.htm),

CovalentAssociate
C-TRI

(http://www.

(http://www.c-tri.com/

k_default.asp?part=rd&page=/rd/template.htm), Cytec (http://www.cytec.com/
business/SpecialtyChemicals/phosphinechemicals.shtm),

Merck

ionicliquids-merck.de/servlet/PB/menu/1014040/index.html),
(http://www.sacheminc.com/othermarkets/group/ionicliquids. php),

(http://www.
SaChemlnc
Scionix

(http://www.scionix.co.uk/htmV ionic_liquids.html), and Solvent-Innovation
(http://www.solvent-innovation.com/ Englisch/index2.htm).
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Figure A-1 -1 SEC Traces ofPMMA (A) polymerized using AIBN in

[BMIM][PF6] at 65 °C for 1 h, (B) polymerized using AIBN in benzene at 65 °C
for 1 h.

96

16

20

28

24

V e (m L )

32

36

40

Figure A-2-1. SEC Traces of P S (A) from styrene (1 .5 mL) polymerized by

BPO (5 mg) in [BMIM]PF6 ( 1 5 mL) at 75 °C for 8 h, Mp -800 kg/mol, Mw!Mn
-2.2; (B) from styrene (6.2 mL) polymerized by BPO (20 mg) in benzene (40
mL) at 75 °C for 1 5 h; Mp -23 1 kg/mol, Mw!Mn -2.5.
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Figure A-2-2. 13 C NMR spectra of PMMA (carbonyl regions) (A) from AIBN

in [BMIM]PF6; (B) from BPO in [BMIM]PF6; (C) from BPO in benzene.
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Figure A-2-3. SEC Traces of (A) PS block from BPO in [BMIM]PF6, (B) PS-b

PMMA after adding MMA to PS block (before extraction), (C) PS-b-PMMA after
extracting with cyclohexane.

99

I
20

I
22

I
24

I
28

I
26

Elution time

I

30

I
32

I

34

Figure A-3-1. SEC traces of PMMA (A) polymerized in benzene at 70 °C for 0.5

hour, (B) polymerized in [HMIM][(EF5)3 (PF3)] at 70 °C for 0.5 hour.
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Figure A-3-2. 1 3 C NMR spectra of PMMAs in (A). benzene and in (B).

Trishexyl(tetradecyl)phosphonium dicyanamide ([H3 TDP]Dcy).
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Trishexyl(tetradecyl)phosphonium dicyanamide ([H3TDP]Dcy) (Mw=261 K).
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Figure A-4-1. Controlled polymerization of styrene with mediating radical
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Figure A-4-2. Structure of 1-butyl-3-methylimidazolium hexafluorophosphate

([BMIM]PF6)
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Figure A-4-4. 1 H NMR end-group analysis ofNMP polymerized styrene in
[BMIM]PF6 and in bulk.
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Figure A-5-2. SEC traces of PMMA (A) polymerized in benzene at 25° C for 0.5

hour, (B) polymerized in [H3 TDP][(PM3)2P] at 25 °C for 0.5 hour .
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Figure A-5-3. DSC traces of PMMA in bulk (Mw=400K) and in

[H3TDP][(PM3) 2P] (Mw=332K)
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Figure A-5-4. 1 3 C NMR spectra of carbonyl region of PMMAs (A) in
[H3TDP][(PM3)2P] and (B) in benzene
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Figure A-5-6. Synthesis scheme of [H3TDP] [ (PM3)2P]
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Figure A-6 2. DSC traces of (A) PS from BPO in [BMIM]PF 6 , (b) PMMA from

BPO in [BMIM]PF 6 , and ( c) PS-b-PMMA after extracting with cyclohexane and
acetonitrile.
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Table B-1-1 Homopolymerization in [BMIM][PF6], of styrene using BPO as

initiator and MMA using AIBN as initiator

Polymerization of styrene with BPO at 75 °C

Run
1
2
3
4
4

Solvent Monomer
Initiator Time
(mL)
(mmol) x 1 0-3 (hrs)
(mL)
[bmim]PF6
1
10
4. 1
8
1
10
20.7
8
1
10
4 1 .3
8
10
1
1
20.7
benzene
1
10
20.7
8
1
4. 1
10
1

Yield
( %)

Mn
5
X 1 0-

MwlMn

96
99
97
27

1.18
0.86
0.45
0.41

3.63
2. 70
2.46
2.04

9

1 .98
0.091
No �olymer

Polymerization of MMA with AIBN 65 °C

[bmim]PF6
6. 1
8

6

10

1

7

10

1

30.4

8

10

1

9

10

10
11

1 00

9.91

2.05

8

98

8.40

1 .91

60.9

8

99

7.56

1 .72

1

30.4

1

33

4.04

2.02

10

1

30.4

10

1

30.4

benzene
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8

17

1 .32

1 .89

1

3

0.89

1 .84

Table B-2-1. Homopolymerization of MMA and AA in RTIL

S1._nthesis ofPMMA in [bmimLPFi
AIBN
IL MMA (mmol) x 10- Temp. Mw
Mn 5
5
3
X 10- X 10Run {mL} {mL}
oc
9
6."1
1
1
7.61 3.71
70
9
1
6.94 3.40
2
30.4
70
9
1
3
183.1
5.03 2.44
70
S1._nthesis ofPMMA in [hmim1PF6
AIBN
IL MMA (mmol) x 10- Temp. Mw
Mn
3
Run {mL} {mL)
oc X 1 0-5 X 1 0-5
1 1.8 0.2
2.99 1.85
36.5
70
2 1.8 0.2
183.1
1.06 0.60
70

IL AA
Run {mL} {mL}
1 1.8 0.2
2 1.8 0.2
3 1.8 0.2

S1._nthesis ofPAA in [hmimLPF6
AIBN
(mmol) x 10- Temp. Mw
Mn 5
3
5
X 10· X 10oc
36.5
2.10 0.38
65
183.1
2.23 0.44
65
365.3
2.00 0.34
65

0

MwfMn
2.05
2.04
2.06

Mw!Mn

1.62
1.77

MwlMn

5.53
5.07
5.88

Polymerization of MMA in benzene (AIBN, 65 °C): Mn = 9 1 .3 K, Mw!Mn
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=

1 .84.

Table B-3-1 . Characterization Data for Polymerizations of MMA in Various

RTILs or Benzene
Reaction medium

Reaction
time
(hours}8

Mw6
3
(x l 0- )

MwfMn6

MMA polymerization at 70°C
2
Benzene
No polymer
1.85
0.5
91.0
Benzene
2
129
[BMIM]PF 6c
1.78
451
0.5
[MPIM][(EFs)3(PF
2.25
3)]
[HMIM] [(EFs)3(PF
0.5
450
1 .89
3)]
261
4.43
0.5
[H3TDP]DCy
585
2.02
[HMIM[PF6
0.5
0.5
385
[H3TDP]BO2
3.29
707
[HP]BF4
0.25
2.83
3.28
[H3TDP][NTf2]
386
0.5
[H3TDP][(EFs)3(P
196
2.24
0.5
F3)]
1.82
0.5
410
[BMPy] [NTf2]
236
[H3TDP]Cl
0.5
3.69
2.72
436
[HMIM] [NTf2]
0.5
St polymerization at 70°C
1
23.8
1.68
Benzene
1
[MPIM] [ (EFs)3(PF
72.7
3.66
3)]
1
83.7
[HMIM] [(EFs)3(PF
3.92
3)]
2.22
[H3TDP]DCy
1
63.0
[HMIM[PF6
1
4.45
135
[H3TDP]BO2
1
133
3.32
[HP]BF4
162
1
4.26
112
[H3TDP][NTf2]
1
4.54
3.14
[H3 TDP] [(EF s)3(P
1
84.6
F3)]
1
[BMPy] [NTf2]
4.73
137
1
[H3TDP]Cl
99.2
6.26
1
70.6
3.36
[HMIM][NTf2]

Conv.
(%)

c

8.48
4.89
29.9
29.5
33.5
36.6
23.3
38.0
23.7
21.9
31.5
0.64
26.7
0.33
2.75
2.75
trace
2.20
1.10
3.85
2.75
2.46
2.46
0.40
3.40

All polymerizations were carried out with a ratio [Monomer]/ [BPO]/[RTIL]
lg/20mg/5mL, under high vacuum at 70 °C.
b Determined by SEC using THF as eluent and polystyrene standards.
c
MMA was polymerized thermally without initiators under high vacuum at 70 °C.

a
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Table B-3-2. Correlations between Polarity of RTILs and Characterization

Data of Polymers in RTILsa

ENR
(kJ
mor 1)

(x l O-

(%)

44.33
[H3TDP][NTf2]
[H3TDP][(EFs)3(PF3)] 44.62
50.99
[BMPy][NTf2]
[MPIM][(EFs)3(PF3)] 5 1.39
[HMIM][(EFs)3(PF3)] 5 1 .60
5 1 .65
[H3TDP]Dcy
5 1 .99
[H3TDP]Cl
52.05
[H3TDP]B02
52.07
[HMIM] ][NTf2]
52. 1 7
[BMIM]PF6
54.43
benzene

3

PMMA
Conv.c
x
l
O(
(%)

1 12
84.6
1 37
72.7
83.7
63.0
99.2
133
70.6
92.7
23 .8

2.75
2.46
2.64
2.75
2.75
trace
0.40
1.10
3.40
5.6 1
0.33

3 86
1 96
410
45 1
450
26 1
236
. 385
436
825
9 1 .0

Ionic liquid

6
Mw

PSt
Conv.c

6
Mw
3

23.7
2 1 .9
3 1 .5
29.9
29.5
33.5
0.64
23.3
26.7
22.8
8.48

a Absorbance range is from 0.5 to 2.0. Transition energy, of the solvatochrornic band was calculated by
E=2859 l .44/Amax in kcal/mol.
b By SEC with polystyrene standars.
c Calculated gravimetrically.
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Table B-3-3. Correlations between Viscosities of RTILs and Characterization
Data of Polymers in RTILsa

Ionic liquid

Viscosity
(cP)

[H3TDP] [(PM3)2P]
[MPIM] [(EFs)3(PF3) ]
[H3TDP]Dcy
[H3TDP]Cl
[H3 TDP][NTfi]
[HP]BF4
[H3 TDP]B02
[HMIM] ][NTf2]
[H3TDP] [(EFs)3(PF3)]
[HMIM][(EFs)3(PF3 )]
[BMPy ][NTf2]

954.5
233.8
1 99.2
1 36.5
1 1 7.6
109.0
85. 12
79.48
67.80
56.87
27.37

PSt

1 33
72.7
63.0
99.2
1 12
1 62
133
70.6
84.6
83.7
1 37

The viscosity is complex viscosity and was measured at 70° C.
b By SEC with polystyrene standars.
c Calculated gravimetrically
a
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PMMA

M) Conv.c Mw6 Conv.c
(x l O- (%) (x 1 0· (%)
3
2.33
2.75

trace

0.40
2.75
3.85
1.10
3 .40
2.46
2.75
2.64

333
45 1
26 1
236
386
707
385
436
196
450
410

1 3.26
29.90
33.5 1
0.64
23.65
37.96
23 .33
26.72
21 .85
29.48
3 1 .50

Table B-4-1. Molecular weight and polydispersity data for the nitroxide

mediated radical polymerization of styrene as a function of the TEMPO: BPO
ratio in this work and in the literature.a

Entry

a

This work

TEMPO:BPO

1
2
3
4
5
All reactions

Mo
{grmr1t

PDi6

1 3,800 1 .26
1 . 1 2: 1
1 7,500 1 .23
1 .00: 1
1 9,300 1 .29
0.8 1 : 1
1 7,200 1 .48
0.70: 1
21 ,700 1 .58
0.50: 1
were carried out in bulk

Entry

In literature

TEMPO:BPO

1 . 1 0: 1
1
1 .00: 1
2
0.8 1 : 1
3
0.70: 1
4
0.48: 1
5
°
at 1 35 C for 5

TEMPO:BPO ratios, BPO:styrene= lOmg: lg; b From SEC-RI

Mo
{g rmr•t

PDi6

1 5,200 1 .29
1 6,500 1 .35
1 9,200 1 .38
20, 1 00 1 .45
21 ,000 1 .60
hours with varied

Table B-4-2. Polymerization characteristics (conversion, molecular weight and

polydispersity) for the polymerization of styrene mediated by TEMPO in bulk and
in various solvents a

Entry Monomer

Solvent

T(°C)/
t (hrs)

Conv.
(%/

Mn
(g mor

lt

PD:f

styrene [bmim]PF6 1 1 5/68
1
No polymer
2
styrene [bmim]PF6 125/40
1.9
1 .23
1 ,640
3
styrene
1 6.4
1 .25
DCB
3,250
1 30/44
4
4,260
styrene [bmim]PF6 1 30/63
1 .60
21.0
1 6.9
styrene [bmim]PF6 1 35/25
1 ,070
5
2.69
6d
bulk
styrene
1 .27
123/69
7,800
90.0
b
a Solvent: 20 ml; monomer: 0.02mol; BPO: 0. 1 65 mmol;
Measured
gravimetrically; c From SEC-RI; d Data from reference 1
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Table B-4-3. Polymerization characteristics ( conversion, molecular weight

and polydispersity) for the polymerization of styrene by BPO/TEMPO in
[bmim]PF 6 using various additives a

a

Entry

Additive "

1
2
3
4
5
6

AA
AA
AA
AA

Solvent:

CSA
CSA
10

ml;

[Additive]/

Conv.

1.0:1.0
2.6:1.0
3.2:1.0
10.8:1.0
1.0:1.0
2.1:1.0

15.9
23.6
41.8
16.9
24.1
18.7

[tmnomer]

monomer:

(%}°

0.0lmol;

PDf
1.56
5.07
2.13
2.66
2.71
1.61

Ma

{s rmr•t

1,200
1,100
1,200
18,400
700
1,250
0.0412

BPO:

mmol;

BPO/TEMPO= l .00/1.34; 135C/24hrs; bAA: Acetic Anhydride; CSA: 10camphorsulfonic acid; c Measured gravimetrically; a From SEC-RI

Table B-4-4. Polymerization characteristics ( conversion, molecular weight

and polydispersity) for the polymerization of styrene and MMA by TMPPAH in
[bmim]PF/

Entry

Monomer

1
2
3
4

Styrene
Styrene
Styrene
MMA

Conv.
(%)°

T{°C)/
t (hrs)

125/4
130/14
85/12
125/4

42.1
27 .8
2.6
41.2

t

Mn
(g rnor 1

2,500
2,100
2,400
28,800

PD:f

1. 75
1.4 7
1.49
3.11

a Solvent: 1 0 ml; monomer: 0.06 mol; TMPPAH: 0.3 mmol; BPO/TEMPO=l .00/1 .34; 135C/24hrs; 6AA:
Acetic Anhydride; CSA: 10-camphorsulfonic acid; c Measured gravimetrically; d From SEC-RI
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Table B-5-1. Characterization data of polymerization of methyl methacrylate in

[H3 TDP][(PM3 )2P] and benzene at various conditions.a

Entry

la
2
3
4
5
6
7

ge

9f
lOf

l lg
12
13
14
15

MMA/Initiators
/[H3TDP][(PM3)2 P]

Reaction
time (hour)

Mw6
(x10 13 )

MwfMn6

1/20/5
1/20/5
1/20/5
1/20/5
1/20/5
1/10/5
1/40/5
1/20/5
1/0/5
5/0/1
1/0/5
1/20/1
5/100/1
1/20/1
5/100/1

0.50
0.50
2.33
8.00
1.25
1.25
1.25
3.00
3.00
2.00
2.00
1.25
1.25
8.00
8.00

91.0
333
325
275
236
486
117
380

1.85
2.84
4.55
4.99
2.63
2.57
2.57
2.39

(g/mg/ml)

Conv.c
(%)

8.48

13.3
25.2
31.7
21.6
11.2
2.55
trace

No polymer

a Reactions were carried out at 25°C using BPO as initiator except where noted.
b Calculated by GPC with polystyrene standards.
c Calculated gravimetrically.
d The reaction medium was benzene.
e The initiator was AIBN
f No initiator available
°
g The reaction temperature was 60 C
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Table B-5-2. Characterization data of polymerization of methyl methacrylate

in [H3 TDP]Cl and benzene.

Entry

Reaction
mediuma

Reaction
time (hr)

Mw
(x lO-

Mn
(x lO-

6
MwfMn

Conv.
(%t

1
16

benzene
[H3TDP]Cl

½
½

91.0
236

73.8
39.3

1.85
3.69

8.48
0.64

3t

3t

a Monomer/RTIL/BPO=lg/5ml/20mg, Reaction temperature: 70°C.
b By SEC with polystyrene standards.
c Calculated gravimetrically.

Table B-5-3. Polymerization data of MMA using DIOPA in amounts from

initiators level to solvent level.

Entry

MMA/BP0

6

{g/mg)

DIOPAC
(mg)

Reaction
time (hr)

Mw

Mw

Mw/Mnd

(x lO3
t
3t
1
1.25
25
No polymer
1/20
2
2.20
1.25
trace
1/20
928
50
3
1/20
100
1.25
2.69
trace
860
200
trace
2.34
4
1.25
769
1/20
5
400
1.25
2.43
trace
1/20
724
6
1.25
2.51
trace
1/20
800
290
7
1600
3.50
1.25
trace
1/20
678
a
There is 3% of diisooctylphosphinic acid (DIOPA) or other impurities in
[H3TDP] [(PM3)2P], 50mg of DIOPA equal to 3% impurities in
[H3TDP] [(PM3)2P]. Reaction temperature was 25°C.
b 20mg of BPO is 0.0826mmol.
c 25mg of DIOPA is 0.0863mmol, 50mg of DIOPA is 0.1726mmol, 100mg of
DIOPA is 0.3457mmol etc.
d SEC by polystyrene standards.
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(x lO-

Table B-6-1. Characteristics of Preparation of PS-b-PMMA for BPO at 70°C
in [BMIM]PF6

[,--------__ _-_ _-_____,__JL _ _ ______ _ _ _ _
"' -

[ ___ __ _ _ _ _ _ I

B ��:

l�3-�}___ _ _ Jl3 8 .9
I�!�! _ _ l l55 . 7

1�}�3- _ _1 1 3.

4 4

x

A'.,-Y., M,.W.,, •._,

, - ,, , _____, e . , , w , . _________________ -···---

PS block

IB Mwa

___Jl_3 . 67

1 12 . 52
112 . 61

x

,,

�1,c:>��- �-c:>p_c:>_�_¥111er
__ _ __ _ __J
6
____ _composition _ (St mol %)

< w,_,,__, ,, - - ---------- ----" • • • - -••M--- " ' · - - ----·- --�--------------··------------·--·---.-- -------·-··---------.-.---------------

11

1 0·3 1BB B yiM (%) j

1 12 1 1 .3
1 12 . 52
ll8 08 . 9
112 .3 8
11611 . 1 _J[2 .49

1 15 9 . 9
113 8 .4
c
IIT�_.4

1 173.4
ll4 8 .3
_1 123.4

ir�__!_ :_ !_ ___ _ ___ _ _ _ ____J
_j

1 1�_2_:�-- - --- - _ _ _
11�_?.:�- - - - - - - - - - J

° From SEC (calibrated with PS standards).b Composition of extracted block
copolymers, obtained from 1 H NMR.c From SEC with dual detectors (RI, UV).d
Obtained from the total monomers (styrene and MMA) feeding and the extracted
block copolymers.
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Table B-7-1. Copolymerization data for the system styrene-methyl

methacrylate in [BMIM]PF/

St mol% in
copolymer

St rool%
in feed

Conversion

(%)

9.94
1 5 .87
1 6.04
500.53
2.93
20.80
28.37
9.20
430.23
1 .92
28.76
34.43
5.44
264.7 1
1 .92
30.82
37.4 1
4.80
2 1 2.6 1
2.28
37.55
4 1 .88
3.24
206.80
2.3 1
48.86
47 .85
2.48
1 66.50
2.03
50.0 1
49.75
2.78
1 10.46
2.88
6 1 .23
55 .83
1 .39
1 42.83
1 .9 1
69. 1 2
6 1 .88
1 .40
1 30.63
2.0 1
70.58
61 .1 1
1 .08
1 14. 1 3
2.66
80.20
67.54
0.89
1 05 .05
2.49
89.3 1
80.44
1 .09
1 1 8.4 1
2. 1 2
8
3
[Monomers]= lmol/L, [AIBN]=8x 1 0- mol/L, 6 0 °C, / 1 2 hours
Table B-7-2. Reactivity ratios for styrene-methyl methacrylate at different

temperatures in benzene, in bulk, and in [BMIM]PF6·
Reaction
medium

Benzene
Bulk
[bmim]PF6

Temp. {° C)

Ts

Tm

60
60b
0c
7 a
60
6 0c

0.54±0.04
0.589
0.585
0.56±0.04
0.3 8 1 ±0.02

0.50±0.04
0.48 1
0.5 1 2
0.44±0.04
0.464±0.02

a

a: Johnson et at22
b
: Ito et al 1 1
c: This work by non-linear method 1
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